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Abstract 
The excellent mechanical properties and unrivalled corrosion resistance of Titanium have led to 
the successful application of Titanium alloys in aerospace industry. However, the inherent 
properties of low thermal conductivity and high chemical reactivity of Titanium alloys cause 
poor machinability.  They adversely affect tool life, cause premature tool failure, and 
eventually lead to extremely low machining efficiency. 
Recently, Polycrystalline diamond (PCD) tools have been successfully used in the turning of 
Titanium alloys. The significant hardness and the excellent thermal conductivity of PCD make it 
the most advantageous tool material for the machining of Titanium alloys, in particular Ti6Al4V. 
This research investigated the application of PCD tools in the end milling of Ti6Al4V by using 
customized cutting tools. The discharge characteristics of PCD was analyzed; the mathematical 
relationship between cutting force and cutting parameters was developed; tool life, tool wear, 
and causes that lead to tool failure were discussed. A cutting temperature model was developed 
and validated to investigate the relationship between cutting temperature and machining 
parameters. To analyze tool wear and cutting temperatures, residual chemical components on the 
PCD tool were examined with X-ray diffraction method, while surface integrity of cutting tools 
was inspected based on the images taken by the scanning electrical microscope. Finite element 
analysis models were developed to simulate the initiation of cracks under different loading 
cycles. 
The main contributions of the research are as follows: 
1. The development of new instantaneous cutting force models. The predictive models are 
able to predict both the peak value of cutting force and the instantaneous cutting force. 
2. The development of a new cutting temperature model which is able to describe the 
mathematical relationship between machining parameters (cutting speed: vc, feed: fd and 
axial cutting depth: ap) and the dynamic cutting temperature.  
3. New findings in tool wear mechanism and chip morphology in end milling Ti6Al4V with 
PCD tools.  Three failure types of PCD tool have been identified. The mechanisms of 
these failure types are shearing effect on the boundary of tool-chip interface, stress 
concentration at notch locations on the cutting edge and the uneven distribution of 
cutting stress on the contact area between tool and chip. The feed was confirmed to be 
the most important factor affecting the final surface quality. Two different serration 
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frequencies were found on a single chip. The boundary between two areas with different 
serration frequencies was found to be at a position of 25 % of the chip length. 
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1 Introduction 
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1.1 Introduction  
Owing to the high strength-to-weight ratio and high resistance to corrosion, Titanium and its 
alloys, in particular Ti6Al4V, are used widely in aerospace industry. Many conventional tool 
materials such as tungsten carbide (WC) and High Speed Steel (HSS) have been used in the end 
milling process since Ti6Al4V was invented. However, short tool life is one of the most 
significant issues associated with the problem of improving machinability of Ti6Al4V. Ti6Al4V 
has very high mechanical yield strength, fracture energy and chemical affinity. It also has 
extremely low thermal conductivity which contributes to the dramatic shortening of tool life in 
some high speed machining processes. In order to improve the machinability of Ti6Al4V, 
Polycrystalline diamond (PCD) has been applied in aerospace industry as a new cutting tool 
material [1].  The Low G ratios, high cutting force, and high wheel cost pose a significant 
challenge to the machinability of Ti6Al4V. Moreover, the PCD mills with small size were used 
in few experiments, this limit the application of Ti6Al4V in the industries. Therefore, to 
investigate the small size PCD mill is also one of the objective to this project. 
The Electrical-discharge Grinding (EDG) is a non-contact thermal erosion process in which the 
metal is removed by a series of recurring electrical discharges between the rotating electrode and 
the electrically conductive workpiece, in the presence of a dielectric fluid. The electric 
conductivity of PCD caused by the conductive binding material (Cobalt) makes it possible to 
grind PCD tools with EDG technology.  However, since PCD is a relatively low bulk 
conductivity material, the discharge characteristics of PCD are different from conventional tool 
material such as Carbide or Carbone Tungsten. In practice there is a pressing need to find its 
special discharge characteristics to facilitate the design of proper EDG processes. The 
investigation of PCD electrical discharge characteristics include: study of dynamic voltage and 
current waveforms, study of PCD dynamic electric resistance and study of short circuit 
exception. The optimization of the grinding process can be done by monitoring parameters such 
as the ignition time of pulses and using them for the manipulation of open circuit voltage, 
current limit and pulse on and off times.  
Cutting force is a critical factor that affects tool life and surface integrity of the workpieces. The 
availability of an accurate cutting force model is very important in predicting cutting forces, 
which in turn are used in selecting suitable machining parameters. Normally, the calculations of 
instantaneous chip thickness and cutting coefficients of cutting force components are the two 
main methods for determining the value of cutting force. The theoretical chip thickness is 
affected by run out effect, tool geometry and cooling conditions. However, with different tool 
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materials and workpieces, the cutting force curves of machining Ti6Al4V always show 
fluctuations which so far have been investigated in very few the literatures. More accurate 
expressions of cutting forces are needed when new tool materials like PCD are applied in the 
machining process. 
High strength, low density and good corrosion resistance make Titanium alloy Ti6Al4V a 
popular material in aerospace, biomechanical, marine and chemical industries. However, due to 
its low thermal conductivity, Ti6Al4V is difficult to machine. To improve the machinability, 
many researches have been conducted in the past decades to study the thermal effects in milling 
Ti6Al4V with focusing on the analysis of cutting temperature and chemical components. 
Rosemar et al. [1] found segmented chips in the experiment with high pressure cooling and 
continuous chip in the test with a conventional cooling system. Mohd Hadzley et al. [2] 
successfully developed a Finite Element Method (FEM) model for the process of machining 
Ti6Al4V under the high pressure cooling which correctly simulated the cutting temperature and 
chip formation.  The high cutting temperature is mainly caused by the heat generated during 
the machining process. The endmilling process is relatively unstable, because the tool and 
workpiece contact intermittently. The cutting heat generation rate and dissipation rate vary a 
great deal. According to Lin et al. [3], there are two components to the heat generation process 
in the milling system: the heat is generated from the shearing effect and from the friction of tool 
and chip. Changes in machining parameters can result in more, or less, heat generation which 
causes a cutting temperature change. Ti6Al4V has high chemical affinity with most tool 
materials when the working temperature rises above 500
o
C. The main chemical components of 
PCD tools are diamond, cobalt and WC, the last of which is generally used for the PCD backing. 
Graphitization of the diamond is likely to begin to occur when the cutting temperature is in the 
region of to 800
o
C. The modelling of cutting temperature is therefore important to the 
application of using PCD tools for endmilling Ti6Al4V. 
Tool wear analysis is one of the most important aspects associated with developing new tools for 
the metalworking. Poor surface quality usually results from by excessive tool wear and always 
after catastrophic tool failure. Different tool wear forms will result in different surface quality. 
Generally, tool wear form and evolution are two major research areas. In term of endmilling 
Ti6Al4V process, the conventional tool wear forms appear as chipping, built-up-edge, chemical 
reaction and material diffusion, although previous research has demonstrated that in the case of 
synthetic diamond tools (PCD and CVD), the high yield strength and thermal conductivity of the 
diamond results in significant tool performance improvements in turning Ti6Al4V [4]. Many 
studies [1, 4] of the machining Ti6Al4V process have not done the chemical examination in 
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detail due to various reasons; there is an opportunity to identify tool wear form and mechanism 
by investigating residual chemical components on the PCD tools. 
The analysis of surface quality resultant from different machining conditions allows for 
optimizing the machining processes. It is known vibration or chatter exists when machining 
Titanium under a wide range of machining parameters [5]. Erratic vibration and unpredictable 
chatter always causes bad surface quality. To some extent, the adiabatic shearing frequency 
which is also known as serration frequency indicates the stability of the instantaneous cutting 
force. The study of chip morphology will provide important information which is essential for 
understanding the process of end milling Ti6Al4V with PCD tools.  
1.2 Research objectives 
The research overall objectives is to develop PCD endmilling tool in the application of 
machining Ti6Al4V.  And the research objectives are outlined below.  
1. To investigate electrical discharge characteristics of PCD 
Due to commercial confidentiality requirements, little analysis of PCD discharge waveforms has 
been published in the public domain. The resistance of PCD is a critical value for determining 
the input voltage and current in the EDG process. Determination of this value requires design 
and analysis of an idealized circuit. To investigate the electrical discharge characteristics of PCD 
material, several aspects require analysis: the influence of current on discharge waveform, the 
relationship between gap voltages, peak current and electrical resistance of various PCD 
materials. 
The detailed process is listed as follows: 
 Record and analyze discharge waveforms in the test of three materials (CMX850, CTM302 
and WC) and to identify the influence of changing current and voltage in the process. 
 Investigate the relationship between gap voltage, peak current and electrical resistance of 
various PCD materials. 
2. To develop instantaneous cutting force models 
Currently most instantaneous cutting force models were developed by considering the 
instantaneous chip thickness as the only variable which changes over time. However, there are 
many fluctuations caused by the adiabatic shearing effect or cooling conditions which exist and 
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affect the instantaneous cutting force. Moreover, the changes in machining parameter will 
directly lead to changes in material shearing speed, friction speed and tool - chip contact area. 
The analysis of instantaneous cutting force with different machining parameters allows new 
opportunities for developing a novel cutting force model which fully incorporates the influence 
of machining parameters. The model will reveal the time dependency of the cutting force. 
The detailed tasks include: 
 To develop and validate the new cutting force model to describe the mathematical 
relationship between instantaneous cutting force peak values and machining parameters. 
 To deduce a new time-dependent function for instantaneous cutting force. 
3. To analyze thermal characteristics in the end milling of Ti6Al4V 
In the process of end milling Ti6Al4V with PCD tools, the study of the relationship between 
dynamic cutting temperature and machining parameters was incomplete in the literature. In 
addition, the chemical reactions taking place during machining have not been investigated in 
detail by any researcher. The chemical analysis of used PCD tools will yield useful results which 
are critical for understanding the process of endmilling Ti6Al4V with PCD tools. 
The detailed tasks are as follows: 
 To develop and validate the new dynamic cutting temperature model to describe the 
mathematical relationship between the controllable machine parameters and dynamic 
cutting temperature. 
 To complete the chemical analysis of PCD tools which have been used under different 
machining conditions. 
4. To investigate wear mechanism of PCD tools in end milling Ti6Al4V 
Tool wear analysis of PCD has been done by many researchers for the machining of different 
materials. However, tool wear and evolution in end milling Ti6Al4V with PCD tools have not 
been investigated in the literature and there are a lot of unknowns about the tool failure 
mechanism in end milling Ti6Al4V.  
5. To investigate surface quality and chip morphology 
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A constant adiabatic shearing frequency indicates a relatively stable machining process. 
However, due to the high thermal conductivity of PCD material, the chip morphology is 
expected to be different from the process using other tool materials. The surface quality resulting 
from endmilling Ti6Al4V with different tool materials has not been analyzed by any researcher 
with consideration of the influence of machining parameters, 
In summary, this research focuses on improving the machinability of Ti6Al4V with the 
application of PCD end milling tools. The main objectives are to study the electric discharge 
characteristics of PCD materials, to develop a instantaneous cutting force model, to develop a 
dynamic cutting temperature model, to investigate the tool wear mechanism and surface quality. 
The project outcome is knowledge necessary for the successful application of PCD tool material 
in the process of endmilling Ti6Al4V. 
This thesis will answer the follow research questions: 
1. How do the electric discharging characteristics of PCD behave in the Electrical Discharge 
Machining (EDM) process? 
2. How can the cutting force model describe the mathematical relationship between 
instantaneous cutting force and machining parameters? 
3. How can the cutting temperature model describe the mathematical relationship between 
dynamic cutting temperature and machining parameters? 
4. What are the possible chemical reactions occurring in the region of the cutting zone which is 
at an evaluated temperature? 
5. What is the main tool wear form of PCD? How does PCD tool wear evolve? 
6. How can the change of machining parameters influence the surface quality? How is the 
frequency of chip serration related to this? 
1.3 Innovation and Contributions 
The main innovation and contributions of this thesis are summarized as follows: 
1. PCD electric discharging characteristics 
The relationship between gap voltage, peak current and electrical resistance of various PCD 
samples was identified. This study was performed with two types of PCD and one WC tool 
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material. The summarized results indicate a significant difference between the values of the 
discharging voltages and currents for the different materials. 
2. Modelling instantaneous cutting force 
The proposed instantaneous cutting force models are able to predict the peak value of cutting 
force, and predict the instantaneous cutting force. The model describes the mathematical 
relationship between instantaneous cutting force and machining parameters (cutting speed: vc, 
feed: fd and axial cutting depth: ap).  
By analyzing the influence of machining parameters on cutting force coefficients, the 
exponential relationships between machining parameters and cutting coefficients are revealed. 
The fluctuations in the instantaneous cutting force curve can be predicted by a time-dependent 
function. 
3. Thermal characteristics in the endmilling of Ti6Al4V 
A new model was developed to describe the mathematical relationship between machining 
parameters (cutting speed: vc, feed: fd and axial cutting depth: ap) and the dynamic cutting 
temperature. This is the first time the influence of machining parameters on average cutting 
temperature has been revealed for the process of end milling Ti6Al4V with a PCD tool.  
4. Tool wear mechanism in the ending milling of Ti6Al4V 
Three failure types of PCD tool have been identified. The mechanisms of these failure types are 
shearing effect on the boundary of tool-chip interface, stress concentration at notch locations on 
the cutting edge and the uneven distribution of cutting stress on the area of contact between tool 
and chip.  
5. Surface quality and chip morphology 
The feed has been confirmed to be the most important factor affecting the final surface quality. 
The analysis of the cutting force indicated that larger cutting force results in worse surface 
quality. The study of chip morphology focused on the serration frequency of chip samples. The 
boundary between two different serration frequency areas on one chip was found to be at a 
position of 25 % of the chip length. 
1.4 Thesis outline 
This thesis is organized into 8 chapters. Chapter 1, this chapter, has introduced the background, 
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motivations, objectives and major outcomes. Chapter 2 presents the literature review and the 
limitation of current knowledge, and an introduction to the application of PCD material in the 
metalworking area. 
Chapter 3 concerns the investigation into the electrical discharge characteristics of PCD material 
in EDM processes. The main experiment performed is aimed at solving two issues: 1/ 
identification of the influence of changing current value in the process, and 2/ to study the 
relationship between gap voltages, peak current and electric resistance of various PCD materials.  
Chapter 4 describes a new cutting force model which considers the influence of machining 
parameters. The new expressions for cutting coefficients are proposed based on the analysis of 
instantaneous cutting force characteristics. The instantaneous cutting force equation is also 
presented. 
Chapter 5 presents the thermal analysis which comprises two parts: 1/ modelling the dynamic 
cutting temperature and 2/ analyzing the chemical components on used PCD tools. The new 
model of dynamic cutting temperature proposed in this chapter describes the mathematical 
relationship between dynamic cutting temperature and machining parameters. Possible chemical 
reactions occurring at the cutting face have been identified with strict consideration of working 
conditions. 
Chapter 6 presents the results of the investigation into tool wear form and evolutions of PCD 
mills applied with different machining parameters in the endmilling of Ti6Al4V process. The 
complete analysis of tool wear form and evolution is based on a series of tests which applied 
different machining parameters (cutting speed: vc, feed: fd, axial cutting depth: ap and cutting 
length). 
Chapter 7 reports the research on surface quality analysis and chip morphology analysis. The 
surface quality analysis focuses on the influence of machining parameters and peak value of 
instantaneous cutting force. The chip morphology analysis discusses the serration frequency  
and its associated mechanism. 
The Chapter 8 summarizes the significant outcomes and contributions of this thesis. Possible 
future work based on this research has been presented at the end of this chapter. 
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2 Literature Review 
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This chapter presents a review of the current technology and issues associated with machining 
Ti6Al4V and also the applications of PCD materials in the metalworking area. The review is 
relevant to the research outcomes and the novel research contributions of this thesis. 
The scope of this literature review focuses on the instantaneous cutting force analysis of 
machining Ti6Al4V with turning and milling processes, the dynamic cutting temperature and 
chemical analysis of conventional tool materials and PCD after use in machining Ti6Al4V. The 
review concentrates on the published literature concerning aspects of tool performance including 
analysis of the tool wear mechanism analysis tool wear evolution. Studies of surface quality and 
chip morphology are another important area relevant to this thesis work so these are also been 
reviewed in the follow sections. 
The limitations of current knowledge have been identified through this literature review. A 
number of associated issues are also discussed in this Chapter. Figure 2.1 outlines the literature 
review topics covered in this chapter. 
 
Figure 2.1- Literature review topic outline. 
  
Literature Review 
Electrical discharge 
Characteristics of PCD 
Dynamic cutting force 
Thermal analysis 
Tool wear analysis 
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 morphology 
Existing force models 
Cutting temperature 
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Chip morphology 
11 
 
2.1 Machining Ti6Al4V and applications of PCD  
2.1.1 Machining Ti6Al4V 
The high strength-to-weight ratio and its great corrosion resistance make Titanium alloy 
Ti6Al4V a popular material for use in the aerospace, biomechanical, marine and chemical 
industries. However, due to its low thermal conductivity [6], Ti6Al4V is difficult to machine. 
For the past decades, many tool materials have been tested for machining this kind of alloys. 
These tool materials include High Speed Steel (HSS), normal tool steel, tungsten carbide (WC), 
(Polycrystalline Cubic Boron Nitride) PCBN, (Polycrystalline Diamond) PCD, CVD diamond 
(Chemical Vapor Deposition diamond), TiAlN, etc. 
Sun and Gao applied TiAlN in the endmilling process of Ti6Al4V for studying the surface 
integrity [7]. The ranges of cutting speed, feed, radial cutting depth and axial cutting depth were 
50 m/min - 110 m/min, 0.08 mm/tooth - 0.14 mm/tooth, 4 mm - 6 mm, 1.5mm, respectively. 
Water-soluble coolants were used. The surface roughness, residual stress and micro hardness 
were investigated. The results show that the largest residual normal stress was obtained when the 
cutting speed was set to 80 m/min and the micro hardness of finished surface was 70-90 % 
larger than the bulk materials. Bhaumik et al. [8] tried the material wBN-cBN in the turning 
process. This kind of material has a fracture toughness of 13-16 Mpa/m
2
, hardness of 40-70 GPa 
and the elastic modulus of 760 GPa. The cutting speed, feed and axial cutting depth were 75 
m/min, 0.1 mm/tooth and 0.5 mm. The cooling method was the same as Sun’s experiment and 
excellent tool performance was found. Ezugwu et al. [9] applied the three different grains sizes 
of CBN tool material in the turning process of Ti6Al4V. The cutting speed that was applied was 
between 150 m/min - 250 m/min. The ranges of the other machining parameters were similar to 
Sun’s experiment and the same high pressure cooling system was also applied in the process. 
The surface investigation showed that there was no adverse effect found on the finished 
surfaces. 
However, some research works have also reported bad tool performance in the machining 
Ti6Al4V. Tungsten Carbide and Cubic Boron Nitride  (CBN) tools have been used in milling 
Titanium alloys with reasonable results at low cutting speed of less than 90 m/min [10]. 
However, when they are applied at high cutting speed (larger than 100 m/min), the tool life 
becomes unacceptably short. According to our previous research [11], the longest tool life 
achieved was 0.32 hour when the material removal rate (MRR) was 1069.4 mm
3
/min, and 7.57 
hours when the MRR was 76.3 mm
3
/min but in many cases the tool lasted for only a few 
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minutes. With the increased utilization of Titanium alloys in aerospace, medical and automotive 
industries, there is a pressing need for new cutting tools to improve productivity. 
2.1.2 Applications of PCD 
Diamond is one of the hardest materials in the world. Polycrystalline diamond (PCD) is made by 
sintering together diamond particles of 1 - 30 microns in the presence of a cobalt catalyst to 
produce an inter-grown mass of diamond grains by applying high temperature and pressure. The 
significant hardness and the excellent thermal conductivity [12]
 
make PCD the most promising 
tool material for the machining of Titanium alloys. 
Recently, PCD tools have been successfully used in the turning of Titanium alloys. Ezugwu et al. 
[13] studied the surface integrity after turning Ti6Al4V alloy with PCD tools using conventional 
and high pressure coolant supplies. Micrographs of the machined surfaces showed that the 
surface had been damaged by the formation of micro-pits and the presence of re-deposited work 
material.  Rosemar et al. [1] investigated the behavior of PCD tools in turning Ti6Al4V alloy at 
high speed using high pressure coolant supplies. They found that an increase in coolant pressure 
tended to improve tool life and reduce the adhesion tendency.  By studying tool wear of PCD 
inserts in turning Ti6Al4V, Schrock and Kwon et al. [14] found evidence of phase 
transformation and they concluded that a significant difference in wear existed between two 
different tool materials at low cutting speed. The wear was a result of the transition from alpha 
to beta phase in the titanium workpiece material.  This conclusion is different from that made 
by Koenig and Neises
 
[4]. They found that the binder phase and particle size of the PCD were 
the two factors which determined tool wear. Emmanuel investigated the surface integrity and 
tool performance of PCD by applying different cooling conditions in the turning processes [13]. 
The experimental results show the good performance of PCD tools with the high pressure 
cooling methods. Amin found that PCD tools had better wear resistance when compared to tools 
made of Carbon Tungsten [5]. 
In addition to turning operations, PCD has been applied in the milling of Titanium alloys but 
with tools of relatively large dimensions. In 1998 Kuljanic et al. [15] investigated the possibility 
of applying PCD in end milling with a tool of 32 mm in diameter. A tool life of 381 minutes was 
achieved when the cutting speed was 110 m/min and feedrate was 0.125mm.  By using an end 
milling tool of 32 mm in diameter, Amin et al. [5] achieved the MMR of up to 59.87 mm
3
/min 
while the tool life was almost twice as long as that  WC-Co milling cutters.  In order to 
analyse the wear mechanisms of PCD tools, Li et al. [16] conducted a series of cutting tests 
using an end PCD mill of 125 mm in diameter, and found that PCD tools exhibited relatively 
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little edge chipping and low flank wear at cutting speed of 250 m/min. This is the speed they 
found to be the best for PCD tools when machining Ti6Al4V titanium alloy. Similar research has 
also been conducted by Ota et al. [17]. PCD tools were found to have excellent flank wear 
resistance compared with conventional cemented carbide tools, and unprecedently high cutting 
speeds became possible by use of PCD tools with the application of high pressure coolant. Anhai 
et al. [18] performed an analysis of tool failure mechanisms in an experiment involving face 
milling Ti6Al4V with a PCD tool. The adhesive and abrasive fractographs were reported as was 
the profound effect of cutting speed on the PCD tool wears. Also, a research to optimizing 
machining parameters for high-speed milling Ti6Al4V with PCD tool was carried out by Gert et 
al. [12].  
2.2 Electrical discharge characteristics of PCD materials 
2.2.1 The discharge waveforms 
For the several past decades, EDM methods have been used for machining many different 
materials. Generally, the analysis of discharge waveforms, which includes the investigation of 
the influence of changing machining parameters, is very important in optimizing the parameters 
to improve the surface quality and material removal rate. Normally, there are four gap states for 
EDM processes: Normal sparking, Open circuit, Arc and Short circuit. Figure 2.2 shows the 
discharge waveforms which are discussed by Lin et al. [19]. The applied workpiece material was 
SKD 61 steel. The electrode was copper and the dielectrical fluid was kerosene. Arcing and 
normal sparking are compared. 
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Figure 2.2 - The discharging waveforms of SKD 61steel [19]. 
Except for “Normal sparking” and “Open circuit”, the other gap states can damage the surface 
finish and shorten the tool life. Several methods for predicting the gap states using the discharge 
waveforms have been proposed in many research works. Yan and Chien presented the method of 
defining the gap states by monitoring the gap voltage waveform [20]. By analyzing the 
characteristics of discharge waveforms, the influences of pulse interval, feed and workpiece 
thickness on the proportion of these four gap states were identified. Long pulse intervals and 
high feeds were concluded as the important reasons for a high ratio of short circuit pulses to 
normal pulses. The characteristics of the discharge waveforms can also reflect the performance 
of the power supply in the EDM process. For example, by analyzing the discharge waveform, 
the discharge energy which affects the gap distance can be evaluated. Yeo proposed a method to 
improve the tool wear compensation of a micro-EDM process. In this work the author developed 
a new electro-thermal model which used an associated online monitoring process [21]. In the 
study of optimizing machining parameters for a magnetic force assisted EDM process, Lin et al. 
[19] investigated the discharge waveforms. The discharge waveforms of voltages found in this 
experiment were higher than that of standard EDM process. In Garn’s study of vibration’s effect 
on a micro-EDM process [22], the mechanism of the discharging action was be derived based on 
analysis of the discharge waveforms. 
The influence of the peak current on the discharge voltage is one of the important aspects of an 
EDM process. In Gurgui’s analysis [23], the setting of peak current has a significant effect on 
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the discharging voltage and the surface quality. This study was about the machining of 
Micro-cavities with an EDM method. The electrode was copper, the dielectrical fluid and ONA 
oil and the workpiece was stainless steel. Excellent geometric accuracy was achieved when the 
peak current was 1 A. 
2.2.2 The process of machining PCD by EDM  
Because PCD contains conductive phases, the EDM process is suitable for machining PCD 
materials. In term of the cost compared to conventional process, EDM would be the better 
solution for machining this kind of material, due to the extremely high hardness. In the past few 
decades the development of EDM for machining PCD materials has been discussed in many 
research works. For example, by investigating the machining characteristics of PCD materials in 
the EDM process, Hsu et al. [24] found that the grain size and open circuit voltage significantly 
affect the result of Material Removal Rate (MRR) and working area. He also reported a MRR 
increase with increasing peak current and open circuit voltage. In his summaries of machining 
PCD with grinding and EDM methods, Tso and Liu [25] pointed out that a better surface finish 
could be achieved by using grinding processes rather than EDM methods. To improve the 
machinability of PCD materials, a new PCD material which contains electrically conductive 
diamond particles has alos been developed and tested by Iwai et al. [26]. Gao presented the 
process of WEDM machining of PCD materials which was aimed at optimizing the roughing 
operation and finishing operation [27]. According to the analysis of his experimental results, the 
peak current and open circuit voltage pulse were found to have a significant influence on 
roughing and finishing operations. The cutting edge radius achieved was 6.7 μm. 
2.2.3 The limitations of current research in electrical discharge characteristics 
of PCD 
Electrical Discharge Grinding (EDG) is the grinding process which applies the EDM method. In 
EDG the workpiece is machined with a rotating electrode which means that the sparking spot is 
different for each discharge pulse. Currently, there is few research works focus on the process of 
machining PCD with EDG method. To apply EDG in machining PCD materials, the short circuit 
can be prevented in the process when the grinder keeps rotating. The study of discharge 
waveforms is important for machining PCD with an EDG process. By analyzing the discharge 
waveforms, the gap states and discharging voltage can be monitored. Furthermore, the influence 
of peak current on the discharge voltage is relevant to the evaluation of machining efficiency 
metrics such as MRR (m
3
/min) which can be analyzed in the future. 
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2.3 Instantaneous cutting force 
2.3.1 Existing cutting force model 
In existing cutting force models, two popular methods have been used: The Finite Element 
Method (FEM) and the analytical method. By using FEM to simulate the cutting process, there 
are many advantages:  
1. More convenient than the analytical method because of the existing constitutive 
equation of material. 
2. Can simulate processes with a wide range machining parameters. 
3. More suitable for simulation of the dry cutting process. 
4. Can consider the softening effect and strain hardening effect as part of the simulation. 
5. Easier to obtain accurate stress, strain and temperature distributions. 
One of the FEM cutting models has been developed by Rao [28] with AdvantEdge
TM
 software. 
In this study, the Johnson - Cook constitutive equation was applied for describing the stress - 
strain relationship and the material failure criterion. This material equation is a purely empirical 
function which was summarized by Johnson and Cook in 1983 based on experimental analysis 
[29]. Their expression is as Equation (2-1). 
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Where A, B, C, n, m are material constants, ε is strain and strain rate is 
, :t time
t
 
         (2-2) 
Also, T, Tr, Tm are working temperature, room temperature (=25
o
) and melting temperature of 
Ti6Al4V respectively. 
Four groups of material constants from different studies were applied for the cutting model. The 
comparisons of prediction and experimental results have reasonable agreement. The detailed 
stress and temperature distributions are shown in Figure 2.3. It can be seen that the highest stress 
and temperature appear at the cutting edge. 
17 
 
 
 
Figure 2.3 - The FEM simulation result of milling process: (a) the distribution of cutting 
temperature; (b) the distribution of stress [28]. 
However, the FEM simulation also has some obvious disadvantages:  
 The limitation of simulating the process with long cutting length. The calculation task for 
long cutting length requires a high performance computer with a great deal of storage 
space in order to be accomplished in a reasonable time frame. Therefore, the long-term 
machining processes such as vibration or chatter cannot be studied easily. 
 The limitation associated with considering the tool wear evolution in the process. Tool 
wear evolution simulation can only be performed using a long-term cutting simulation 
which, as mentioned above, is hard to be achieve. 
 The limitation of material constitutive equations. There are limited constitutive equations 
available in commercial FEM software. And these involved equations cannot describe the 
dynamic behavior for all materials. In addition, they cannot describe materials operating 
under special working environments (e.g. evaluated temperature, high impact speed or 
chemical reaction). In summary, the constitutive equations are not applicable in many 
relevant situations. 
In contrast, the analytical cutting force model based on the analyzing the geometrical parameters 
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and cutting forces, can achieve higher accuracy of predicting cutting force. The cutting force 
coefficients were introduced into the expressions of force components. Generally, there are three 
different directions of developing analytical cutting force model: 
 The algorithm for calculating the cutting force coefficient. 
 The algorithm which focus on geometrical parameters of machining process. 
 The algorithm based on the analysis of the energy transfer. 
Cutting force expressions and cutting force coefficients 
Over the past decade, many researches have been carried out concerned with the prediction of 
instantaneous cutting force by calculating the cutting coefficients and deducing the algorithm of 
tool geometric parameters. Yun and Cho developed a cutting force model which could determine 
the constant cutting force coefficients and runout parameters of an endmilling processes [30]. 
For this study, the cutting force coefficients (Kn and Kf) and chip flow angle (θc) were assumed 
to be relevant to the geometrical parameters of cutter and properties of cutter and workpiece. If 
these two factors remain unchanged in an experiment, the cutting force coefficients and chip 
flows can be assumed as constants. According to Yun and Cho, the expressions of cutting force 
components in Cartesian coordinates is 
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Where C1, C2, C3 and B1are geometrical parameters. 
The coefficient Kn equals to the value of KT applied in Chapter 4. The tc represents the uncut 
chip thickness which is related to the feed: 
sinct f           (2-4) 
Where f is the feed and φ is the rotation angle of cutter. The expression (2-3) shows clearly 
that the instantaneous cutting force components are determined by the instantaneous chip 
thickness which means that, only the value of feed can affect the cutting forces. 
Some studies assumed that the cutting force coefficients could be affected by changes in the 
machining parameters. Lee and Lin introduced a 3D cutting force model based on the study of 
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the end milling freeform surface [31]. The cutting force coefficients in this model were 
considered as functions of chip thickness: 
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569.14
0.1468
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Where Kc equals to the value of KT applied in Chapter 4.  
Similar expressions have been given based on the investigation of runout effect in an endmilling 
process by Kline and DeVor [32]. He also believed that the instantaneous uncut chip thickness 
was the key factor for the coefficients.  
Based on the curve fitting experimental results, the different expressions of cutting force 
coefficients were given by Wan et al. [33] as Equation (2-6). 
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Where Wt1, Wt2, Wt3, Wr1, Wr2, Wr3, Wz1, Wz2 and Wz3 are calculating coefficients. It can be seen 
from the Equation (2-6) that the cutting force coefficients have an exponential relationship to the 
chip thickness which is determined by feed. 
In Wu’s study of a circular end milling process [34], the cutting coefficients of tangential, radial 
and axial force components are expressed with polynomial forms which were derived using 
curves fitting methods based on experimental results. But the mode includes only a single 
variable - radial depth of cut. The expressions of cutting force coefficients are as Equation (2-7). 
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Where de is radial depth of cut. 
The effect of cutting speed and feed 
According to the conclusions reached by various researchers 
 
[35, 36], a change of machining 
parameters could lead to the strain hardening effect or heat softening effect which can affect the 
final values of cutting forces. As indicated in the discussion of the FEM model in this section, 
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the strain hardening and softening effect can be taken account of by using the constitutive 
equation of Johnson-Cook. Generally, an increase in the cutting speed and feed will cause a 
corresponding increase in strain and finally lead to strain hardening. Another consequence of 
increasing the speed and feed machining parameters is more heat generation in the process 
which will soften both the workpiece and the cutter. However, most cutting force models barely 
consider the influence of changing these machining parameters (cutting speed, feed and axial 
cutting depth). This is despite the fact that, the effects of varying cutting speed, feed and axial 
cutting depth can be seen from many published experimental results. According to Ali’s analysis 
[37], when the values of feed changed from 80 mm/min to 160 mm/min, the main cutting force 
increased from 510 N to 620 N. Barry et al. [35] studied the cutting forces in the process of 
machining Ti6Al4V. From his result, it is easy to see the influence of cutting speed and feed in 
the machining process from the following pictures, see figure 2.4. 
 
Figure 2.4 - The cutting forces in different working conditions [35]. 
Other factors for calculating cutting force 
Wang developed an end-milling cutting force model by considering the instantaneous shear 
plane area, cutter geometry, vibration, and some other, less important factors [38]. The runout 
effect can directly affect instantaneous uncut chip thickness. Some researchers believed that this 
is important factor that needed to be taken account in the modeling. Yang et al. [39] proposed a 
new cutting force model by integrating the effect of runout for the milling of curved surfaces. 
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Similarly, Lamikiz
 
et al. [40] developed a model for the milling of sculptured surfaces but 
focused on the analysis of the tool-chip contact area. Kline and DeVor [32] found that the 
presence of runout also increased the average chip thickness for those teeth actually engaged in 
the cut and increased the ratio of the maximum to average force.  
2.3.2 The limitations of current research in cutting force model 
The influences of cutting speed and feed have not been taken into account in most existing 
cutting force models. Therefore, these models can not completely reflect the characteristics of 
cutting force found in real life machining processes. For accurately predicting the cutting force, 
it is necessary to develop a new cutting force model which considers the influence of machining 
parameters. Moreover, obtaining time-dependent cutting force function is also important for 
predicting the fluctuation of the cutting force. 
2.4 Thermal analysis 
Seeking to improve machinability, many researches have been conducted studying the thermal 
effects in milling Ti6Al4V with focus on the analysis of cutting temperature, chemical 
components and chip morphology. Rosemar found segmented chips in experiments with high 
pressure cooling and continuous chips tests with a conventional cooling system [1]. Mohd 
Hadzley et al. successfully developed the Finite Element Method (FEM) model for the process 
of machining Ti6Al4V with high pressure cooling, this correctly predicted the cutting 
temperature and the form of the chip [2]. 
2.4.1 Cutting temperature 
The cutting temperature is a factor which directly reflects the heat generated in the machining 
process. Ti6Al4V has extremely low thermal conductivity, the heat dissipation is worse than 
other commonly machined metals. The cutting temperature always remains at a very high level 
and this may cause chemical reaction or material diffusion.  
Temperature measuring methods 
Various methods have been used for the measurement of cutting temperatures. For example, Le 
Coz successfully applied a thermocouple system in the test of dry milling Ti6Al4V [41]. By 
setting the thermocouple sensor on the tool tip, the system was able to directly monitor and 
record the dynamic temperature of the tool. In the experiment conducted by Sato et al. [42], the 
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proposed system consisted of an infrared radiation pyrometer, optical fiber and a fiber coupler. 
In addition, Pittalà and Monno
 
used an infrared thermal camera to directly measure the 
temperature of the cutting zone [43]. By comparing this method with other approaches, the 
infrared Camera (IRC) was found easy to use and was more practical in most milling systems. 
Existing cutting temperature models 
The prediction of cutting temperature is necessary for many aspects of metalworking such as 
evaluating the tool performance and workpiece surface integrity. Due to friction and shearing 
effects, the cutting heat causes an elevated temperature at the tool-chip interface. For Ti6Al4V, 
which has the thermal conductivity around 6.4 W/mK, the cutting temperature of the tool-chip 
interface often rises above 500o in conventional processes. This can cause problems because the 
chemical affinity of this alloy is very high in these high temperature working environments. 
Therefore, the development of a cutting temperature model is needed. 
For recent years, various cutting temperature models have been proposed based on the analysis 
of experiments with different materials. There are two major types of models and these are 
referred to as FEM and analytical. One of the successful FEM cutting temperature models was 
proposed by Pittalà and Monno with the OXCUT software [43]. This 3D thermal model was 
developed for predicting the cutting temperature in the face milling operation of Ti6Al4V. In 
order to simulate the thermal gradient on the tool-chip interface, the heat coefficient was set to 
10
4
 N/s/mm/
o
C. And the thermal properties of Ti6Al4V are list in Table 2.1. The Johnson-Cook 
constitutive equation was applied by Pittalà to describe the material mechanical behavior of 
Ti6Al4V. The final prediction highly agrees very well with the experimental result under 
different machining conditions. 
Table 2.1 Thermal properties of Ti6Al4V [43] 
Heat capacity (×106 J/m3K) Conductivity (W/(mK)) 
2.35(0
o
C) 7(0
o
C) 
2.52(200
o
C) 8.6(200
o
C) 
2.76(400
o
C) 11.5(400
o
C) 
3.5(600
o
C) 14.4(600
o
C) 
3.9(800
o
C) 17.2(800
o
C) 
List et al. [44] developed another thermal model by using AbaqusTM software. This model 
focused on the high speed machining process (above 20 m/s) and it also considered the crater 
wear effect. The predictions of cutting forces, contact length and temperature with this model 
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also have a high correlation with experimentally obtained results. 
Some research works focus on the development of analytical cutting temperature models based 
on the method of solving the heat diffusion equation. For example, in the study of a high-speed 
milling process, Chen et al. provided an analytical thermal model for predicting cutting 
temperature [45]. The cutting temperature and heat flux prediction were based on a method for 
solving the Equation below (2-8) with assumed boundary conditions. 
2 2 2
2 2 2
( )
T T T T T
cf c
x y z x t
  
    
   
          (2-8) 
Where λ, T, ρ, c, t are the thermal conductivity, temperature on workpiece, density, specific heat 
capacity and time respectively. And (x, y, z) are the locations of the measuring point. Also, the 
heat flux qM was given as 
, , ,*
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,
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X


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
       (2-9) 
Where Ti,M is the computed temperature from Equation (2-8); Xi,M is the sensitivity coefficient; 
Yi,M is the surface temperature; 
*
1Mq   is the Taylor series expanded part of Ti, M. 
For this model, the cutting speed was contained in the calculation of dimension. According to 
the prediction of this model which is shown in Figure 2.5, the cutting speed affected the cutting 
temperature significantly. Also, the heat flux dropped when critical cutting speed was exceeded. 
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Figure 2.5 - The comparison of prediction and experimental results [45]. 
The specific cutting temperature functions of an arbitrary point on workpiece or cutter are given 
in some research works. For example, in Lin’s study [3], the cutting temperature function of 
single point was expressed as Equation (2-10). 
8
Q
T J
c 

        (2-10) 
Where the Q is the heat generated in the machining process and the expression for J is 
( ( ) ( )( ( ) ( ))
4 4 4 4
x x W z z L
J erf erf erf erf
   
 
  
   (2-11) 
Where (x,z) are the co-ordinates of the measuring point; W, L, α, τ are the width of the heat 
source, length of heat source, thermal diffusivity and time respectively. 
Equation (2-10) was also derived from the heat diffusion equation, however, it can be clearly 
seen that the value of J is determined by the co-ordinates of the measuring point and material 
properties such as heat capacity (c) and density (ρ) were assumed to be constants.  
In Lin’s study, the final heat generation Q contains two different parts: 
The heat generation from shearing effect: 
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      (2-12) 
Where Vs, Fs,j(τ,z), z, hj(τ,z), φn, β are shearing speed, shearing force, axial cutting depth, uncut 
chip thickness, normal shearing angle and tool helix angle. 
The heat generation from friction effect: 
, ( , )
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sec
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VF z
Q z
zVB




       (2-13) 
Where V, Ftf,j(τ,z), VB are cutting speed, friction force and tool flank wear width. 
From the Equation (2-12) and (2-13), the relationship between cutting speed and heat generation 
is clear.  
However, generally, the changes of machining parameters will also cause the changes of 
shearing force and friction force. 
An additional useful piece of information is that, according to Cui’s study, the expression of heat 
generation was summarized into the purely empirical form [46]: 
14 2 14 85.295 10 4.414 10 2.066 10Q h h            (2-14) 
Where h equals to the uncut chip thickness. 
By comparing the expressions of Equation (2-12) and (2-13) with Equation (2-14) it is clear the 
last equation is more convenient to apply in evaluating the heat generation. However, this 
expression is limited to certain working conditions. 
Influence of machining parameters 
The cutting temperature is sensitive to the machining parameters such as cutting speed 
(vc,m/min), feed (ft, mm/tooth) and axial cutting depth (ap, mm). Ugarte et al. [47] used an IRC 
in the milling of Ti6Al4V and he found the temperature rose with an increase of cutting speed. 
Similarly, in turning EN-31 steel alloy with carbide tools, Abhang and Hameedullah found that 
cutting temperature rose with an increase of vc, ft and ap [48]. This conclusion also agrees with 
the analysis of micro-milling Aluminum alloy with TiAN tools by Zhou et al. [49]. 
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2.4.2 Chemical analysis 
As is well known, the process of machining Ti6Al4V always suffers the elevated cutting 
temperature. The chemical affinity between most tool materials and this alloy is very high when 
the cutting temperature is above 500
o
. According to Machado and Wallbank, chemical reaction 
(e.g. oxidation or graphitization) and material diffusion are two forms of damage which 
frequently occurred in the process of machining Ti6Al4V [50]. By using the X-Ray Diffraction 
(XRD) method, the chemical components remaining on the tool can be identified and the cutting 
temperature can be deduced indirectly by checking against the temperature at which chemical 
reaction or material diffusion take place. Deng has applied the XRD method in the study of 
turning Ti6Al4V with WC tools [51]. The analysis shows that the W and Co had much higher 
rates of material diffusion when the working temperature was up to 600 
o
C when compared to 
the rates at encountered at 400oC. This material diffusion caused the hardness of cutter to be 
reduced.  In the process of turning Ti6Al4V with PCD tools, Koenig and Neises
 
[4] also found 
that the material diffusion occurred. These results also agree with the analysis by Amin in 
milling Ti6Al4V with both WC tools and PCD tools [5]. 
2.4.3 The limitations of current research in thermal analysis of endmilling 
Ti6Al4V with PCD tools 
Most analytical cutting temperature models do not clearly reflect the influences of machining 
parameters such as cutting speed, feed and axial cutting depth. Also, there is no recent thermal 
study of endmilling Ti6Al4V with PCD tools. In particular, a cutting temperature model, the 
consideration of the influence of machining parameters, has not been developed. In addition, 
chemical analysis of used PCD tools also has not been performed. For the application of PCD in 
endmilling Ti6Al4V, the cutting temperature and chemical analysis are needed. 
2.5 Tool wear study 
2.5.1 Tool wear in conventional tool materials 
The mechanical strength of Ti6Al4V is very high and the working temperature of this alloy is up 
to 500 
o
C. Therefore, for many tool materials, the tool life is extremely short when machining 
Ti6Al4V in comparison with that expected when machining steel. Jawaid et al. [52] studied the 
tool wear mechanism for the face milling process. The tool materials were PVD-TiN and 
CVD-TiCN+Al2O3. The tool rejection criteria in this study are: (a) average flank wear = 3.5 mm; 
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(b) maximum flank wear =0.7 mm; (c) excessive chipping/flaking or fracture of the cutting edge. 
For Jawaid’s study, the influence of cutting speed on tool life has been summarized in Figure 2.6.  
From the aspect of material removal rate, better tool performance was found from CVD tool 
when compared with the performance of PVD tools. In this experiment, the major wear 
mechanisms were delamination, adhesion of work material, attrition, diffusion, plastic 
deformation and thermal cracks. These situations are shown in Figure 2.7 which is also taken 
from the Jawaid’s experiment. 
 
Figure 2.6 - The influence of cutting speed on tool lives [52]. 
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(a)                              (b) 
 
(c)                              (d) 
Figure 2.7 - The different tool wears: (a) delamination; (b) plastic deformation; (c) Adhesion of 
workpiece material; (d) cracks and severe flaking [52]. 
Oosthuizen et al. [12] investigated material diffusion in high speed machining of Titanium alloys. 
Evidence of diffusion between Carbide and Titanium was found and this was considered the 
major wear mechanism. 
In the study of high-speed milling Ti6Al4V with Binderless Cubich Boron Nitride (BCBN) tools, 
Wang et al. [10] analyzed the tool wear evolution in different working conditions. As shown in 
Figure 2.8 shows which is quoted from Wang’s study, the maximum cutting time is close to 9 
mins before the flank wear reached 0.4 mm when the cutting speed was 300 m/min, feed was 
0.125 mm/r and axial cutting depth was 0.075 mm. It can also be seen from Figure 2.8 [5] that 
the increase in machining parameters would affect the tool life. Wang also pointed out that 
adhesion to the workpiece and attrition were found as two major wear mechanisms. 
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Figure 2.8 - The tool wear evolution in different working conditions [5]. 
For improved the tool life, conventional tool materials such as HSS and WC were also used in 
the processes but with different cooling methods. Bermingham tested the tool performance of 
WC in cryogenic machining Ti6Al4V. According to his analysis, the new cryogenic cooling 
method successfully extended the tool life of WC by up to 58 % when compared with that of dry 
machining process. In this study, the dominant tool wear mechanisms were found to be diffusion 
and adhesion [53]. In 2006 Su et al. investigated compressed cold nitrogen gas and oil mist 
cooling in high speed end milling of Ti6Al4V. They found an increase in tool life of 2.7 times 
when compared with an increase of 1.9 for a normal coolant system at 400m/min cutting speed. 
There are dynamic stresses acting on the tool caused by formation of serrated teeth over the 
entire cutting speed range [54][55] and the high chemical reactivity of Ti6Al4V, especially at 
cutting temperatures in excess of 500 
o
C, causes high diffusion wear rate. At temperatures above 
500
 o
C titanium has strong affinity to adhere, this property of titanium alloys leads to seizing of 
chips onto the cutting tool surface causing a built up edge which results in rapid tool failure [56]. 
The combined effect of high yield stress and low Young’s modulus allows titanium alloys only 
small plastic deformations and encourages deflections, chatter and work piece movement away 
from tool [57]. All these factors lead to rapid cratering and plastic deformation of the cutting 
tool causing tool failure which is why Ti6Al4V is classified as a difficult to machine material 
[58].  
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2.5.2 PCD tool wear in different processes 
Compared to other tool materials, PCD has a particularly high thermal conductivity of up to 560 
W/mK and a very high hardness of above 50 GPa. Therefore, this material has been applied in 
machining Ti6Al4V with different processes for the past decade. Amin et al. [5] investigated the 
effectiveness of PCD inserts in the process of endmilling Ti6Al4V. He reported that the PCD 
inserts have better performance than WC inserts by considering the metal removal rate over the 
complete tool life. The major tool wear mechanisms in the case of PCD inserts were found to be 
diffusion, attrition and notching. 
In another investigation of PCD tool performance [14], the maximum tool life of PCD reached 
381 mins when the cutting speed was 110 m/min, feed was 0.135 mm/tooth, axial cutting depth 
was 0.2 mm and radial cutting depth was 5 mm. However, by using the PCD material within the 
cutting speed range of 175 m/min to 250 m/min, the maximum tool life reached 115.5 mins 
when high pressure coolant was applied in the process [59]. And the tool wear criterion refers to 
the ISO Standard 3685 [60]. 
2.5.3 Limitation of current research in PCD tool wear 
Due to the excellent mechanical properties of PCD, it is reasonable to apply this material in the 
process of machining Ti6Al4V. According to recent research outcomes, there are few research 
works presenting the tool wear evolution of PCD in endmilling Ti6Al4V. Besides, the new 
cooling methods have not been applied widely in the industry neither have they been researched 
to any significant extent for this application. Therefore a study of PCD tool performance in the 
conventional endmilling Ti6Al4V process is necessary. Finally, the causes of PCD tool wear are 
barely mentioned in the existing research works. 
2.6 Surface quality and chip morphology 
2.6.1 Surface roughness 
Surface roughness, which is measurement associated with the quality of the finished surface, is 
one of the most important parameters which can be used as a metric representing the 
machinability of Ti6Al4V. Different working conditions may cause the changes to the surface 
integrity which includes surface roughness. For example, Cai et al. [61] showed that Minimum 
Quantity Lubrication achieves the best lubrication effect and the longest tool life with reduced 
surface roughness. 
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As mentioned in section 2.1.1 above, PCD has superior characteristics which includes the very 
high hardness, toughness and wear resistance and thermal conductivity (which is five times that 
of copper). It has a relatively high melting point, [62] making it suitable for machining titanium 
alloys. By studying the process of milling Ti6Al4V with a PCD tool, Li et al. [63]
 
found that the 
surface quality of the result was sensitive to variation in the cutting speed. This study also found 
a 5-20 % hardening of the finished surface. Based on the analysis of tool life, surface roughness, 
cutting forces and the wear mechanisms, Gert et al. [12] found that a decrease in feed and an 
increase in speed when using a PCD tool produced better surface finish and tool life and 
outperformed tungsten carbide tools at various cutting speeds. According to Ezugwu’s analysis 
[13], the roughness of the finished surface was below 1.6 μm RA when the cutting speed was set 
between 175 m/min and 250 m/min, the feed was 0.15 mm/rev and axial cutting depth was 0.5 
mm. Again hardening of the machined surface was found in the experiment. Although PCD tool 
material is highly reactive with titanium alloys, the chemical reaction forms a layer of Titanium 
carbide which protects the tool by forming barrier to further diffusion. Honghua et al. [64] found 
that roughness, micro hardness and the microstructure of the machined surface were better with 
PCD than the surfaces machined with other tool materials.  
2.6.2 Chip morphology 
The serrated chip is one of the important thermal characteristics in milling Ti6Al4V. The 
serration is known to be the result of adiabatic shearing (ABS). According to Puerta et al. [65], 
ABS always occurs in the zone which experiences a high strain rate. Sima and Ozel found that 
the ABS bands could be observed clearly when the cutting speed was higher than 60 m/min with 
the feed above 0.05 mm/rev [66]. When these machining parameters were large enough to cause 
obvious chip serration, the chip serration frequency was sensitive to the machining parameters, 
geometrical effect, the thermal properties of the cutting tool and of the workpiece and the 
cooling efficiency.  
In the process of machining Ti6Al4V, Gert et al. [12] mentioned that at high cutting speeds the 
properties of titanium alloy Ti6Al4V causes complex wear mechanisms on the cutting tool 
because of the titanium alloy’s low thermal conductivity of 7W/mK which is 86% lower than 
that of AISI 1045 steel. The heat affected zone in titanium machining is very small because of its 
high strength maintaining property at elevated temperatures and also its ability to form localised 
shear bands during the machining process. It forms very short chip-tool contact length of about 
one-third of the contact length for steel [67]. This concentrates the heat giving rise to a 
temperature of about 700 
o
C at the cutting edge [5].  
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The serration frequency of the chips is one of the important characteristics for localized shearing 
effect. This parameter normally indicates the shearing speed and local geometry of shearing 
bands. According to the analysis conducted by Molinari et al. [68], the chip serration frequency 
was proportional to the cutting speed. Miguélez studied the chip serration by using FEM models 
[69]. Their results show that the geometrical parameters and friction are important to the chip 
morphology. Furthermore, Baker has also found that a lower thermal conductivity could cause a 
higher serration frequency [70]. PCD has a higher thermal conductivity than conventional tool 
materials. In the process of milling Ti6Al4V, it is important to understand how this difference 
will affect the shape of the chips. Little research into the serration frequency in milling Titanium 
alloy with PCD tools has been conducted to date. 
2.6.3 Limitation of current research in surface quality 
For the alloy Ti6Al4V, the influence of machining parameters on surface roughness has been 
studied by many researchers in the machining of Ti6Al4V. However, the study of the machining 
parameters’ influence on surface roughness is insufficient. For example, the influence of feed 
has been barely investigated. In addition, the serration frequency of the chips is relevant to the 
thermal mechanics of the process and this is not completely covered in the literature. The 
analysis of chip serration frequency would be a useful supplement to a tool performance study. 
2.7 Summary 
Although plenty of research has been performed in the area of machining Titanium with PCD 
tools, most of the research is focused on the turning process or the milling process with big 
cutting tools (more than 10 mm in diameter).  So far little research has been conducted in the 
application of small milling tools. This thesis investigates the performance of PCD milling tools 
in milling of titanium alloys (Ti6Al4V) by using customized cutting tools of 6 mm in diameter. 
The objectives and experimental methods are presented as follow: 
 To study the discharging characteristics of PCD. The PCD materials will be tested in the 
new developed Electrical Discharge Grinding (EDG) system. The voltage and current will 
be directly monitored through the designed circuit. 
 To study the relationship between cutting parameters and cutting force. The experimental 
data will be collected through the Kistler dynamometer associated with National Instrument 
system in the cutting tests. A new cutting force model with the consideration of the 
influences of changing cutting speed, feed and axial cutting depth will be developed. The 
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new cutting force model will be validated through a series of cutting tests. 
 To study the thermal characteristics of endmilling Ti6Al4V with PCD tools. By applying 
X-ray diffraction on failed tools the chemical components will be investigated. The cutting 
temperature in end milling will be monitored through the infrared camera. The new cutting 
temperature model will be developed by considering the influences of machining 
parameters. The highest cutting temperature on tool nose can be induced through the 
analysis of chemical components on PCD tools 
 To study the tool wear of PCD mills. The surface of PCD tools will be examined by using a 
Philips XL 30 Scanning Electrical Microscope (SEM). Causes leading to tool failure will be 
discussed and simulated by using Finite Element Analysis (FEA) models.  
 To study the quality of Ti6Al4V finished surface and chip morphology. The examination of 
finished surface will be performed with the Alicona optical microscope and chip 
morphology will be investigated based on the SEM scanning photos of used tools. 
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3 Electrical discharge characteristics of PCD 
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The electrical discharge characteristics of tool materials are important to determine the 
machining parameters. They include the discharge waveforms of voltage and current, the gap 
voltage, peak current and electrical dynamic resistance of the material. This study aims to 
investigate the influence of peak current on the discharge waveforms and obtain the relationship 
curve of gap voltage, and electrical resistance of PCD. 
3.1 Introduction 
3.1.1 Introduction to the EDM process 
Electrical Discharge Machining (EDM) is a well-established non-contact machining method for 
the manufacturing of geometrically complex components and the shaping of hard-to-machine 
materials. It turns electrical power into thermal energy through a series of discrete electrical 
discharges occurring between an electrode and the workpiece. The thermal energy generates a 
channel of plasma between the two poles at temperature of up to 20,000 
o
C [71]. The high 
concentration of heat melts and evaporates the material from the surface of the workpiece. A 
material removal rate (MRR) of 2 - 400 mm
3
/min can be achieved depending on applications 
[72, 73]. EDM can produce cavities with thin walls and fine features; can machine material with 
high hardness [74]. 
3.1.2 Principle of the EDM process 
Figure 3.1 illustrates the principle of the EDM process. The part of the EDM system at which 
discharge occurs is similar to capacitor, the machining electrode and workpiece form the two 
plates. The gap between machining electrode and workpiece is filled with dialectical liquid (oil 
or water). The electrical field intensity near the negative plate increases quickly when an 
electrical pulse is generated by the EDM generator. When the electrical potential exceeds a 
critical value breakdown begins and, electrons will move to the positive electrode and a 
discharge plasma channel will be formed in a short time. Then, the gathered electrical energy 
goes through this channel in the form of current. Finally, the material will be removed from not 
only machining electrode, but also from the workpiece. Generally, the process of EDM can be 
described in following steps:  
Step 1: The beginning of the electrical pulse. 
Step 2: The electrical field intensity increases being highest at the point where the gap is 
shortest. 
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Step 3: When the electrical field intensity is great enough, the discharge channel is 
formed. 
Step 4: The current goes through the discharge channel (spark appears) and local material 
is melted or evaporated. 
Step 5: The electrical pulse stops and the associated bubble in the dielectrical implodes. 
Step 6: The removed material is flushed by dielectrical liquid. 
For the EDM process, the waveforms of voltage and current are important to the surface finish 
result. The general form for the voltage pulse is shown in Figure 3.2. The “On Time” represents 
the duration of the generator providing energy and the “Off Time” is the duration without energy 
supply. According to McGeough et al. [74], in practical application the voltage and current 
waveforms of EDM are similar to that shown in Figure 3.3. The value of breakdown voltage is 
determined by the electrical properties of dielectrical fluid, the electrode and workpiece. The 
ignition delay time is an important factor which can reflect the isolation conditions between the 
electrode and workpiece. A larger gap between electrode and workpiece will lead to a longer 
ignition delay time. According to Altpeter and Perez [75], monitoring the ignition delay time 
makes it possible to infer the gap width. However, the ignition delay time is considered constant 
when the same working conditions are applied in an experiment or process. For example, Chung 
et al. [76] assumed this value to be constant through the experiment. 
There are four electrical pulses distinguishable for the EDM process: open gap voltages, short 
circuit, arcs and sparking. And the waveforms of these four cases are shown in Figure 3.4. 
 
Figure 3.1 - Illustration of EDM principle. 
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Figure 3.2 - The EDM current pulse provided by generator [74]. 
 
Figure 3.3 - The practical discharge waveforms of voltage and current [74].
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Figure 3.4 - Four electrical pulses of EDM [74]. 
The EDM process can be classified by applications; there are two main types of EDM in the 
industry: Sinker EDM and Wire EDM. Sinker EDM can also be called cavity type EDM or 
volume EDM. The electrode and workpiece are set into the working environment which fills 
with oil or dielectrical liquid as shown in the illustration of Figure 3.5 (a). The electrode used in 
the Sinker EDM process can be graphite or copper and it is shaped based on the process 
requirement. However, the Wire EDM process (Figure 3.5 (b)) uses a continuous metal wire as 
the electrode. The cutting angle in the Wire EDM process is very small due to the use of 
small-sized diameter wires. Generally, according to Hassan, the polarity used in the EDM 
process follows the suggestions given in Table 3.1. Moreover, according to Elman [77], the 
properties of the dielectrical fluid which need to be considered are the viscosity, stability and 
cooling performance. Silicon fluids and the fluid based on petroleum oils have shown extremely 
good results in the past studies. 
 
(a)                                   (b) 
Figure 3.5 - The two types of EDM applications: (a) Sinker EDM; (b) Wire EDM. 
 
A 
B 
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A: Open gap voltage; B: Short circuit; C: Arcing; D: sparking. 
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Table 3.1 Electrode polarities for different workpiece materials [74] 
 Workpiece 
Electrode Material Steel 
Tungsten 
Carbide Copper Aluminum Ni-base alloy 
Graphite 
+,- - - + +,- 
Copper 
+ +,- - + + 
Cu-W 
+ +,- - + + 
Steel 
+,- + - - - 
Brass 
- -  + - 
 
3.1.3 PCD properties 
The super-high hardness and excellent wear resistance properties of Polycrystalline Diamond 
(PCD) have led to the wide application of PCD tools in woodworking and aerospace industries 
for the machining of hard wood, composite material and Titanium alloys [78, 79]. PCD discs are 
produced by sintering together graded and selected diamond particles with binding materials at 
temperatures of up to 2,000 oC and pressures of 5 - 7 GPa [80]. The grain size of diamond 
particles is in the range of 1 - 50 µm. The thickness of the PCD layer is in the range of 0.3 - 1 
mm. The PCD is supported on a substrate of cemented carbide of 0.3-5 mm in thickness. The 
binding material is usually cobalt, which is electrically conductive making the PCD also 
electrically conductive. The bulk electrical resistivity is not constant; it varies with the 
percentage of binder and the grain size of diamond particles. Currently the diameter of 
commercial PCD blanks is up to 72 mm. 
 
Figure 3.6 - PCD blanks and chips cut by W-EDM. 
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3.1.4 Machining PCD with EDM process 
The cutting process of PCD compacts is usually done by laser or Wire-Electrical Discharge 
Machining (W-EDM) (Figure 3.6). However, since diamond is one of the hardest materials in 
the world, the grinding and shaping processes are extremely difficult. 
Since PCD is electrically conductive, it is possible to grind PCD tools using EDM technology 
[81, 82]. Various researches in the Electrical Discharging Grinding (EDG) of PCD have been 
performed in the past decades [83]. Thoe et al. [84] examined the edge quality of various grades 
of PCD cutting tool blanks produced using an in-house EDG machine. The pulse generator had a 
maximum current of 30A, was programmable with a resolution of 1A, had a maximum open 
circuit voltage of 150V, an Time-on/Time-off range of 1 - 100 µs, and a minimum usable 
on-time of 6 µs. Olsen et al. [85] studied the effects of operating parameters on sparked 
surface/edge quality and efficiency by using a commercial EDG machine. Taguchi experiments 
were used to find the optimized parameters. The voltage applied in their tests was in the range of 
W×102 - 1.7W×102, the current was X×10 - 1.5X×10, the On-Time was Y - 2.0Y and  
Off-time  Z×10 - 2.0Z×10, where the values of W, X, Y and Z are unfortunately  unavailable 
in the paper.  
Electrical discharge machining is a complex physical process. As PCD is a relatively low bulk 
conductivity material, the discharge characteristics of PCD are different from conventional 
materials such as carbide and High Speed Steel (HSS) [86]. Theoretically high voltage, smaller 
current and high frequency (short On-Time) should be applied to achieve better surface quality. 
In practice the values of these parameters should be determined based the discharge 
characteristics of the PCD workpiece. This is particularly important in the tool manufacturing 
industry. Unfortunately little research has been done in this field and no detailed information is 
available in the public domain. 
3.2 Experimental setup and procedure 
3.2.1 Experimental setup  
In order to demonstrate the discrete nature of the arc discharge occurring in the process, an 
appropriate experimental instrumentation setup was used to capture the time dependence of 
voltage and current. The experimental setup is shown in Figure 3.7. 
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Figure 3.7 - Experimental setup and instrumentation. 
The experiment was carried out on a new EDG machine equipped with a rotating disk electrode 
made of copper. The electrode was a copper bar (3 mm in diameter) installed in the axial 
direction of the grinding wheel. The test sample was brazed on the end face of a Tungsten 
carbide holder, which was clamped by the headstock spindle of the machine. The linear gap 
distance is adjustable in Z direction through the servo system. The EDM power supply is an 
in-house designed power generator which is able to generate short pulses with a minimum 
On-Time of 1 µs. The output voltage is in the range of 90 - 260V. The current is in the range of 1 
- 20A. The discharge current was measured by using Tektronix TCP305 probe coupled with a 
Tektronix TCPA300 amplifier. Signals were record and exported to EXCEL spread sheet 
through a digital oscilloscope (Tektronix 2024B).  
The grain size and percentage of metal phases in PCD inserts is believed to have influence on 
the machinability. Therefore, two different grain sizes of PCD samples made by Element Six 
(CTM302 and CMX850) were randomly chosen for this experiment. Detailed information of the 
two materials is shown in Table 3.2.  
Table 3.2 Physical parameters of CTM302 and CMX850 
3.2.2 Experimental Procedure 
To analyze the relationship between gap voltage, gap distance, current, resistance and the 
Sample Number Typs 
Particle 
size (µm) 
Diameter 
(mm) 
Thickness of 
PCD (mm) 
Thickness of substrate 
(mm) 
1 CMX850- 0.5-1  20 0.5  1 
2 CTM302- 2-30 20 0.7 3 
Rotating disk electrode 
Tool Holder 
Gap 
Servo 
 System 
Power Generator 
 
- + 
 
 
 
Digital  
Oscilloscope Electrode
de 
PCD 
Sample 
Current 
Detector 
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physical characteristics of PCD materials such as grain size and binding materials, a total of nine 
groups of experiments were conducted by applying parameters shown in Table 3.3.  The power 
supply is able to generate both iso-frequency and iso-energy pulses. However, iso-energy model 
was applied because the mapping relationship between parameters is more straightforward under 
this working model.  
Both normal and abnormal sparks have been recorded.  In order to compare the discharge 
characteristic of PCD with that in ordinary EDM processes, experiments on Tungsten carbide 
samples were carried out before tests on PCD samples. The electrical parameters applied in the 
carbide and PCD tests are shown in Table 3.3.  
3.3 Results and Discussion 
3.3.1 Difference in waveforms caused by variation of materials 
For this test, there was a not coated sample used. Discharge waveforms of carbide, CMX850 and 
CTM302 under the same machining condition are shown in Figure 3.8, 3.9 and 3.10. The yellow 
curves represent the signals of voltages and the blue curves are the signal of currents. It can be 
seen from the figures that the discharge waveforms of PCD are similar to that of Tungsten 
carbide. At the point of ionization, the sparking gap voltage is reduced to the machining voltage. 
The flow of current was begun at the ionization point and it continued for the complete On-time. 
The gap voltage is Ue and peak current is ip. 
Table 3.3 Experimental parameters 
Materials 
Experimental parameters 
Test  
Number Open 
voltage (V) 
Peak current 
(A) 
Pulse width 
(µs) 
Tungsten 
carbide 
120 1 40 B0001 
CMX850 
120 1 40 A0013 
160 1 40 A0001 
160 5 40 A0003 
160 10 40 A0004 
CTM302 
120 1 40 A0019 
160 1 40 A0027 
160 5 40 A0028 
160 10 40 A0029 
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Figure 3.8 - B0001 discharging waveform. 
 
Figure 3.9 - A0013 discharging waveform. 
 
 
Figure 3.10 - A0019 discharging waveform. 
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To quantify the difference between the discharge waveforms, the voltage and current data 
recorded within the first 40 µs since the ionization was analyzed. Both the voltage and current 
were averaged at an interval of 5 µs in order to minimize the effect which could be caused by 
measurement error. The average results are shown in Table 3.4. The variances of voltage and 
current with time are drawn in Figure 3.11 and 3.12. It can be seen from the table and figures 
that the lowest gap voltage occurred in the machining of Tungsten carbide, which was 15.7V; 
the highest Ue occurred in the machining of CMX 850, which was 42.5V; while the maintaining 
voltage of CTM302 was 26V, which was in between carbide and CMX850. 
Table 3.4 the average values of different materials in every 5µs 
Materials 
Record 
Number 
0-5μs 5-10μs 10-15μs 15-20μs 20-25μs 25-30μs 30-35μs 35-40μs 
Tungsten 
carbide 
B0001 
U 20．2 17．2 16．5 16．4 16．1 15．7 15．8 15．6 
I 1．41 1．45 1．44 1．45 1．43 1．43 1．42 1．42 
CTM302 A0013 
U 50．2 33．8 30．1 28．1 27．0 26．0 26．0 26．0 
I 1．05 1．29 1．31 1．33 1．35 1．36 1．36 1．36 
CMX850 A0019 
U 51．6 46．3 44．6 43．5 42．6 42．7 42．3 42．3 
I 1．05 1．12 1．16 1．17 1．17 1．16 1．17 1．16 
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Figure 3.11 - Voltage curves of different materials. 
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Figure 3.12 - Current curves of different materials. 
This phenomenon can be explained by analyzing the electrical resistance of these materials: 
In an EDM process the maintaining voltage is equal to the sum of the voltage across the 
discharging channel (Ug) and the voltage across the workpiece (Ur) caused by the resistance of 
the material, as shown in Figure 3.13. Value of Ug depends on the workpiece material, property 
of dielectrical and the value of gap distance. Ur is the product of workpiece resistance and 
discharging current.  Ue can be expressed as Equation (3-1) 
                        Ue=Ug+ip×Rc                            （3-1） 
Where Rc is the value of workpiece resistance. 
Because the resistance of Tungsten carbide is very small, Ur can be neglected. Therefore, in the 
machining of Tungsten carbide, Ue is equal to Ug.  
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Figure 3.13 - Equivalent circuit in the machining of PCD. 
PCD is a low conductivity material which is composed of a large portion of diamond particles 
which are electrically non-conductive. The electrical resistance of PCD is larger than Tungsten 
carbide. Therefore, even if the Ug of PCD was the same as in the machining of carbide, 
according to Equation (3-1), Ue of PCD is always higher than the Ue of carbide. 
3.3.2 The influence of discharge current 
Experiments with different electrical current were conducted to analyze the influence of 
resistance of PCD workpiece. The average voltage in the first 30 or 35 µs from ionization is 
taken as the maintaining voltage.  Table 3.5 shows the maintaining voltage and the 
corresponding current, Figure 3.15 illustrates the relationship between maintaining voltage and 
spark current. It can be seen in Figure 3.15 that the maintaining voltage increases linearly with 
the increase in electrical current.  This is in line with the previous analysis.  
By substituting the start and end points of the curve in Figure 3.14 into Equation (3-1), Ug and 
Rc of CMX302 can thus be obtained: 
 
Ug=24.9V；Rc=0.31Ω 
 
Ug and Rc of CMX850 are found to be: 
 
Ug=39.5V；Rc=0.59Ω 
 
U
e 
U
r 
U
g 
Workpiece 
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Therefore, the maintaining voltage of CMX850 (Ue1) and CTM302 (Ue2) can be described as 
Equation (3-2) and (3-3) 
Ue1=24.9+0.31×ip                                (3-2) 
Ue2=39.5+0.59×ip                                (3-3) 
Based on above calculation, the resistance of CTM302 (0.59Ω) is found to be bigger than the 
resistance of CMX850 which is 0.31Ω. This is because the thickness of CTM302 (0.7mm) is 
bigger than CMX850 (0.5mm) although the resistivity of CMX850 is smaller than CTM302. 
   Table 3.5 Values of maintaining voltage and discharging current 
Sample 1 Discharging current（A） 1．82 5．428 13．36 
maintaining voltage
（V） 
25．5 26．74 29．07 
Sample 2 Discharging current（A） 1.635 4.797 11.75 
maintaining voltage
（V） 
40.48 44.02 46.4 
 
Figure 3.14 - Relationship between maintaining voltage and discharging current. 
3.3.3 The impact of gap distance 
Short-circuit is an abnormal working condition in EDM machining when the gap distance is 
0
5
10
15
20
25
30
35
40
45
50
0 5 10 15
试件1
试件2
 
Sample 1 
Sample 2 
49 
 
reduced to zero. Once the electrode contacts the workpiece in the feeding process, the 
maintaining voltage drops to zero instantaneously; in the meantime, there is a significant 
increase in current between the two poles. Usually the control system is able to detect this 
abnormal arcing and will retract the electrode to eliminate the possible damage that may be 
caused to the workpiece surface. The system will resume feeding once the short circuit is 
eliminated. 
In the experiment with PCD samples, a controversial phenomenon which is totally different 
from Tungsten carbide was found: When the electrode contacted the surface of PCD workpiece 
(gap distance became zero), a normal discharging waveform rather than the waveform of short 
circuit was captured (Figure 3.15). The experiments were repeated for five times to eliminate the 
possibility of measurement errors or miss-operations. The non-short-circuit sparking appeared 3 
times in the 5 experiments. It can be concluded that this was not a random phenomenon. On the 
contrary, it was the unique electrical discharge characteristic of PCD.  
Actually this special characteristic complies very well with the physical structure of PCD, and 
the phenomenon can be reasonably explained based on the physical construction. 
The structure of PCD is shown in Figure 3.16. Nonconductive diamond particles are bound with 
conductive metal particles such as cobalt. The conductivity of PCD relies on the conductive 
network formed by the binding metals. When the electrode contacted the PCD workpiece in the 
experiment, it was very possible that it touched only the diamond particles protruding from the 
binder. This protrusion prevented the contact of electrode with the conductive binder. Thus, it 
prevented the short circuit. When the high voltage was applied between the electrode and the 
workpiece, the normal sparking was observed between the electrode and the binder.  By chance, 
what contacted the electrode may also be the binder which protrudes from the PCD sample. In 
this case, short-circuit were observed as expected. 
Therefore, it may not necessarily lead to short-circuit in EDM machining of PCD materials 
when the electrode contacts workpiece surface or when the gap distance is zero. It is very 
possible for normal sparking to occur. However, due to the random protrusions of diamond and 
binder particles in PCD, the phenomenon is unpredictable.   
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Figure 3.15 - Discharge waveform of zero gap distance. 
 
Figure 3.16 - Structure of PCD. 
3.4 Summary 
This chapter has introduced experimental electrical discharge characteristics. The relationship 
between gap voltage, peak current and electrical resistance of various PCD materials has been 
presented. From the experiments, the following results are found: 
1. Discharge waveforms in machining PCD are similar to that found when machining 
ordinary materials such as Tungsten carbide. 
2. The maintaining voltage in machining PCD is higher than that of conventional EDM 
machining of ordinary materials. The difference in the maintaining voltage varies 
significantly with the variation of PCD materials. 
Diamond grain Metal adhesive 
 
Cemented carbide 
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3. The maintaining voltage has the linear relationship with the increase in current. 
4. Arcing was not observed throughout the experiment. 
These conclusions are very important for the design of EDG machines specifically for 
machining PCD tools. The method for setting up an initial reference point by using electrode 
probes and the criterion for detecting scenarios of short-circuit during  machining become 
invalid, and new methodologies are required using the discharge characteristics of PCD. 
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4 Instantaneous cutting force 
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This Chapter is aimed at developing a new model for instantaneous cutting force by deducing 
the mathematical relationship between the cutting forces and machining parameters. The model 
development is based on the analysis of the cutting coefficient and the relationship between 
cutting force and machining time. Through investigating the influence of cutting speed, feed and 
axial cutting depth, new expressions involving cutting coefficients are proposed. The prediction 
agrees closely with experimental results. 
4.1 Introduction 
4.1.1 Instantaneous cutting force 
According to Groover [87], the instantaneous cutting force is generated by the shearing effect, 
friction effect and solid deformation in the metalworking process such as milling and turning. 
The cutting force is an important factor which influences the dynamic phenomena, roughness, 
tool wear, and so on [38]. 
4.1.2 Important factors for cutting force 
There are many factors directly or indirectly affecting the cutting force values in metalworking 
processes:  
 Mechanical properties of workpiece and tools, which include elastic modulus, plastic 
modulus, tensile strength, yield strength and compression limit, etc.  
 The tool geometry and machining parameters, which include cutting speed, feed, axial 
cutting depth, radial cutting depth and flooding, etc. 
 The processing system issues, which include vibration, chatter and runout effect. 
For the turning and milling processes, the basic mechanism of material removal from workpiece 
is the shearing effect. As shown in Figure 4.1, the tool provides the shearing force with a certain 
cutting speed which can be predefined before the process. The shearing force leads to elastic 
deformation and plastic deformation at the beginning and finally causes the material separation. 
It is acknowledged that the cutting force is the results of the material resisting deformation and 
fracture. Also, the friction effect during the machining process contributes to the cutting force 
too. Thus, it is easy to understand that the mechanical attributes of workpiece have a direct effect 
on the cutting force. This can be seen from Figure 4.2 which shows the relation curve of cutting 
force coefficients and cutting speed [88]. In this experiment, Ti555.3 and Ti6Al4V were tested 
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under the same machining conditions. The results indicate that the Ti555.3 which has higher 
ultimate tensile strength resulted in the higher specific cutting force. 
Moreover, the mechanical properties of some metal materials can be significantly affected by 
strain rate such as Ti6Al4V. According to Lee et al. [89], the stress-strain curve of Ti6Al4V is 
shown in Figure 4.3. The analysis shows clearly that the stress increase with the strain rate. The 
working temperature can also influence the mechanical properties of Ti6Al4V.  
In a milling process, the cutting speed is normally very high. The reported strain rate for milling 
is up to 10
4
 - 10
5
 s
-1
 [90]. When Ti6Al4V deforms at such a high strain rate, it is reasonable to 
consider the strain rate effect. 
In many research works, the cutting force model does not take into account the influence of 
strain rate, rather they focus on the effect of cutting speed, feed and axial cutting depth. These 
controllable machining parameters can also have an impact on the strain rate. 
In term of the machining system issues, run out effect and chatter are two major aspects which 
were discussed in many studies. Generally, these two factors always affect the surface finish 
dramatically. 
 
Figure 4.1 - The mechanism of cutting process. 
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Figure 4.2 - The cutting force coefficients of Ti555.3 and Ti6Al4V with different cutting speed 
[88]. 
 
Figure 4.3 - The stress-strain curves of Ti alloy [89]. 
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4.1.3 The basis of an analytical cutting force model 
Lamikiz et al. [40] proposed a new analytical model for cutting force used in predicting the 
cutting force in the process of sculptured surface milling with a ball nose milling tool. The 
applied tool material was HM K10 t TiAlN and the workpiece materials were AISI H13 52 HRC 
and Al7075T6. The model was based on Equation (4-1) which was presented by Lee and 
Altintas [91]: 
t
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 dF
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K dS K t db
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 
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In this assumption, each local cutting force component is comprises two parts: KedS and Kctndb, 
where Kte, Kte, Kte, are shear specific coefficients which are equal to KT, KR, KZ, respectively. 
And Ktc, Krc, Kac are edge specific coefficients. Also, tn, is the undeformed chip thickness which 
is equal to h(φ). S, dS, db are the length of the cutting edge, the differential value of S and length 
of differential cutting edge perpendicular to cutting direction. By considering the complex tool 
path and the geometry of the tool nose, Lee and Altintas deduced the integral expression for the 
cutting edge spline and the expression of theoretical chip thickness. 
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       (4-2) 
Where R(φ), R0, i0 and φ are the radius of each circumference, tool radius, helix angle and 
cutting angle gap between the i cutting edge element and the tool point. The expression for tn is 
given by below: 
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Where κ and ψ are the positioning angle from the center point to an arbitrary point in the OXZ 
plane and OXY plane. The length of the differential cutting edge perpendicular to the cutting 
direction, db can be presented by Equation (4-5): 
57 
 
sin( )
pda
db


          (4-5) 
In this model, the author focused on the algorithm for calculating the undeformed chip thickness 
and the length of cutting edge which contacted the chip. The values of feed, axial cutting depth 
and the tool path indirectly affect the final values of cutting force components through the values 
of S and b. According to the comparison of prediction and experimental results in this cutting 
force model, the agreement is good. 
However, in some analytical cutting force models, the cutting force components just involve the 
specific shear coefficients. For example, Wan et al. [33] developed a new cutting force model 
which was based on the expressions of cutting force components in the form of Equation (4-6): 
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Where FT, FR and FZ are equal to the value of Ft, Fr and Fa in the equation (4-1), respectively. 
The cutting force coefficients KT, KR and KZ are equal to Ktc, Krc and Kac. The undeformed chip 
thickness tn is presented by h(φ) and axial cutting depth by ap. This model was developed based 
on a study of a cylindrical end milling tool. The cutting force coefficients quoted the expressions 
from Kline’s proposed form which considered the run out effect. The influences of feed and 
axial cutting depth can be seen through the comparison of prediction and experimental result. 
4.2 Modeling of instantaneous cutting force 
4.2.1 The instantaneous cutting force 
The local cutting force components FR, FT and FZ at arbitrary rotating angle are shown in Figure 
4.4. And FX, FY, FZ are the force components in the machine coordinate system. 
According the cutting force model proposed by Wan et al. [33], the three components of the 
cutting force in the local coordinate system (Figure 4.4 (a)) can be described with the following 
equation: 
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(a) 
 
(b) 
Figure 4.4 - The illustration of calculating cutting force (a) the illustration of cutting force 
components (b) the runout of cutting tool. 
Where h(φ) is the instantaneous uncut chip thickness and ap is the axial cutting depth. KT, KR 
and KZ are the cutting coefficients of the three force components and can be expressed as 
Equation (4-8). 
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Where kq and mq (q=T, R, Z) are parameters relevant to the properties of the workpiece material. 
By substituting Equation (4-8) into Equation (4-7), the relationship between the uncut chip 
thickness and the components of local force can be written with Equation (4-9). 
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According to Kline and DeVor [32], the presence of runout increases the average chip thickness 
for the teeth actually engaged in the cut and increases the ratio of the maximum to average force. 
It also shifts the frequency of the force signal away from the tooth passing frequency to the 
spindle rotational frequency. The run out effect can be seen from Figure 4.4 (b). The centrifugal 
distance (ρ) and corresponding instantaneous rotation angle (Ψ(ap)). It has been claimed that 
the theoretical chip thickness could vary by time changes. And, by considering the run out effect 
of the cutting tool, the uncut chip thickness h(φ) can be described by Equation (4-10). 
( ) sin( )h mf            (4-10) 
Where m is a parameter corresponding to the runout effect of the milling process, the 
relationship between time (t) and rotation angle (φ) can be expressed as t=(φr/v). Also, ξ 
describes the influence of the actual cutting radius on instantaneous uncut chip thickness: 
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   (4-11) 
Where ρ is the parameter which represents the runout error.  
Since the number of flutes of the PCD tools used in our experiment was one, according to Wan 
et al. [33], the instantaneous uncut chip thickness will not be affected by the runout effect. As 
such, the coefficients m and ξ will be defined as 1 and 0, and the instantaneous uncut chip 
thickness can be described by Equation (4-12). 
( ) sin( )h f           (4-12) 
The measuring coordinate system is shown in Figure 4.4 (a). The tangential force (FT), radial 
force (FR) and axial force ( FZ) can be written in the matrix form as [F]T,R,Z. The local cutting 
force matrix [F]T,R,Z can be obtained by multiplying the transformation matrix [T]  to the 
cutting force matrix [F]X,Y,Z:  
T,R,Z , ,[F] [ ][ ]X Y ZT F         (4-13) 
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Where matrix [T] can be expressed by Equation (4-14). 
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4.2.2 Cutting force coefficients 
By substituting the machining parameters and values of the corresponding cutting forces in each 
test into Equation (4-7) and Equation (4-12), the cutting force coefficients for the same rotation 
angle which equals to 18
o
, as illustrated Figure 4.5 can be arrived at.  These coefficients are 
only relevant to the instantaneous uncut chip thickness, which is a function of feed and 
instantaneous rotation angle. However, according to the calculation results in Figure 4.5 (a) and 
(c), the changes of cutting speed and axial cutting depth could lead to dramatic variations of 
cutting force coefficients. In Figure 4.5 (a), the cutting coefficients KT and KR increase with an 
increase of cutting speed while there is less change in Kz when the cutting speed changes. As 
shown in Figure 4.5 (b), the three cutting coefficients drop with an increase of feed. Figure 4.5 
(c) shows that coefficients KR and KZ decrease with an increase of axial cutting depth and KT 
remains nearly constant. Therefore, it can be concluded that the change of feed has significant 
influence on the three cutting coefficients (Figure 4.5 (b)). The change of cutting speed can only 
affect the cutting coefficients KT and KR. Because the relationship between cutting speed and 
cutting coefficient are nonlinear, as illustrated in Figure 4.5 (a), the curves of KT and KR indicate 
that an exponential relationship exists between the two coefficients and the cutting speed. As 
shown in Figure 4.5 (c), the change of axial cutting depth significantly influences all the cutting 
coefficients with an exception of KT. The relationship between KR, KZ and axial cutting depth can 
also be assumed to be exponential. 
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(a) 
 
(b) 
 
(c) 
Figure 4.5 - The calculation of cutting coefficient with different machining conditions: (a) Effect 
of cutting speed; (b) Effect of feed; (c) Effect of cutting depth. 
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Hence, based on above conclusions and experimental results, an improved cutting coefficient 
can be described more accurately by Equation (4-15) 
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The cutting constants kt, kr, kz, lR, lZ, nT, nR, mT, mR, mZ can be calculated in three steps: 
(1) Determine Constants mT, mR and mZ. 
In Tests 9 - 16, which were to investigate the effects of feed, the cutting speed and 
axial cutting depth were held constant. The calculation matrix for the three 
constants can be derived using Equation (4-16). According to the expressions of ST, 
SR and SZ, though the rest of constants are still unknown, their values will not 
change because the values of cutting speed and axial cutting depth are constant. 
Therefore, by substituting the data of Figure 4.5 (b) and corresponding feed into 
Equation (4-16), the final values of mT, mR and mZ can be calculated with the 
Levenberg-Marquardt Method [92][93]. 
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Where ST, SR and SZ are as Equation (4-17). 
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(2) Determine Constants kt, kz, nT and lZ. 
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Based on the calculation in Step 1, Equation (4-18) can be derived from Equation 
(4-15). To calculate constants kt and nT, cutting coefficients KN (N=0, 1… 8, N≥2) 
and machining parameters of Tests 1 - 8 were used. Similarly, cutting coefficients 
KN (N=0, 1… 6, N≥2) and machining parameters of Tests 17 - 22 were used in 
calculating kz and lZ. It is worth noting that the rotation angles which were used to 
calculate cutting coefficients were the same, and the feed of Tests 1 - 8 and Tests 17 
- 22 were 0.025 mm/rev and 0.03 mm/rev, respectively. Therefore, the values of FT 
and FZ should be constant in the calculation.  
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(3) Determine Constants kr, nR and lR. 
Figure 4.5 indicates that the value of KR is affected by cutting force, feed and axial 
cutting depth. And the relationship between this coefficient and the three machining 
parameters is exponential. Firstly, to calculate constant nR, the cutting coefficients 
of Tests 1 - 8 and the corresponding cutting speeds are substituted into Equation 
(4-20). Then, by using the same method, constant lR is calculated with the cutting 
coefficients of Tests 17 - 22 and corresponding cutting speeds. Finally, the last 
constant kr can be obtained based on the calculation in Step 2.  
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4.3 Model validation 
4.3.1 Material properties 
The samples of PCD insert and disc and the customized PCD end milling tool of 6 mm in 
diameter is shown in Figure 4.6. The helix angle and clearance angle of the tool are:  0
o
 and 10
o
 
respectively. 
The fabrication of the PCD tool was carried out in three steps: (a) cut PCD blank into small 
inserts; (b) braze an insert on a carbide substrate; (c) grind and shape the cutting edges to the 
required dimension and surface finish. Since diamond is one of the hardest materials in the 
world, the cutting and grinding process (a) and (c) are very difficult.  Wire Electrical Discharge 
Machining (W-EDM) was used to cut small PCD inserts from a large blank (Figure 4.6 (a)), and 
Electrical Discharge Grinding (EDG) was employed to grind the PCD insert brazed on the tool 
body to produce the desired geometry and surface roughness of the PCD cutting tool. Figure 4.7 
(a) shows the SEM (Philip XL 30) image of the new PCD tool. It can be seen that tiny notches 
which are less than 10 μm exist on the edge of the PCD insert. 
 
Figure 4.6 - Single tooth PCD tool. 
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Table 4.1 Properties of PCD 
Type of PCD Grain 
size 
(μm) 
Elastic 
modulus(MPa) 
Hardness 
(GPa) 
Density 
(g/cm3) 
Thermal 
conductivity 
(w/mk) 
CTB010 2 - 30 890-900 50(8000HV) 4.12 540 
The properties of PCD material are known to play an important role in the machining process. 
Different PCD materials may demonstrate different performance in the milling process due to 
the difference in particle sizes and the proportion of diamond particles to metal. Properties of the 
PCD material used in this research (CTB010 made by Element Six) are shown in Table 4.1 [94].  
Chemical components measured with the X-ray diffraction method are illustrated in Figure 4.7. 
The vertical axis represents the count rate of chemical element; the horizontal axis represents the 
x axis is an angle (2 theta) it relates to the crystal spacing. It can be seen in Figure 4.7 (b) that 
the major component of the PCD is diamond, only a small amount are cobalt and tungsten 
carbide which comes from the substrate. This type of PCD material is suitable for applications 
requiring super-finishing, finishing and general purpose machining. 
The material of the workpiece is Ti6Al4V. This is an “Alpha + Beta” type of Titanium alloy. It is 
widely used in aerospace industry and has demonstrated superior overall performance. Four 
blocks of such material were used in the experiments. The chemical composition and 
mechanical properties of Ti6Al4V are illustrated in Table 4.2 [95] and Table 4.3 [18] 
respectively.  
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(a) 
 
(b) 
Figure 4.7 - (a) SEM image of the new PCD tool; (b) X-ray diffraction of PCD inserts. 
Table 4.2 Chemical composition of Ti-6%Al-4%V 
 
Contents 
Al V Fe O C H N Ti 
Composition 
(wt %) 
5.5-6.75 3.5-4.5 <0.25 <0.2 <0.08 <0.01 <0.05 Base 
Table 4.3 Mechanical properties of titanium alloys 
Tensile 
strength 
(Mpa) 
Elastic 
modulus 
(GPa) 
Poisson’s 
ratio 
Density 
(kg/cm
3
) 
Melting 
point 
(°C) 
Hardness 
(HRC) 
Thermal 
conductivity 
(W/mk) 
932 114 0.33 4430 1668 36 6.7 
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4.3.2 Experimental set up 
Twenty two cutting experiments were carried out on a 4-axis HAAS milling machine. An 
electrical signal proportional to cutting force was collected through a 6-channel dynamometer 
(Kistler 9257B) installed underneath the workpiece. The signal was amplified using a Kistler 
Multiple Charge Amplifier 5070. The force single was recorded via a DAQ (National Instrument 
model 6036E) card onto a personal computer. The sampling frequency is 20 KHz. The setup of 
the experimental system was illustrated in Figure 4.8. To simplify the analysis, the tool paths 
applied in the cutting tests were straight lines along the edge of the workpiece. The experiment 
was performed with the machining parameters of cutting speed, axial cutting depth and feed as 
in Table 4.4. The radial cutting depth was set to be constant as 3.5 mm and the cooling method 
was flooding. 
 
Figure 4.8 - Experimental system setup. 
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Table 4.4 Cutting parameters 
Test number 
Cutting speed 
(mm/min) 
Axial 
cutting 
depth (mm) 
Feed 
(mm/rev) 
Material removal rate 
(mm
3
/min) 
1 65973.445 0.2 0.025 52.5 
2 87964.593 0.2 0.025 70 
3 109955.74 0.2 0.025 87.5 
4 131946.89 0.2 0.025 105 
5 153938.04 0.2 0.025 122.5 
6 175929.19 0.2 0.025 140 
7 197920.33 0.2 0.025 157.5 
8 219911.48 0.2 0.025 175 
9 131946.89 0.2 0.01 42 
10 131946.89 0.2 0.02 84 
11 131946.89 0.2 0.03 126 
12 131946.89 0.2 0.04 168 
13 131946.89 0.2 0.05 210 
14 131946.89 0.2 0.06 252 
15 131946.89 0.2 0.07 294 
16 131946.89 0.2 0.08 336 
17 131946.89 0.1 0.025 52.5 
18 131946.89 0.2 0.025 105 
19 131946.89 0.3 0.025 157.5 
20 131946.89 0.4 0.025 210 
21 131946.89 0.5 0.025 262.5 
22 131946.89 0.6 0.025 315 
4.4 Result and analysis 
4.4.1 Influence of machining parameters  
By using the cutting force record and the corresponding machining parameters, the calculation 
results of cutting coefficients are listed in Table 4.5 with the calculation method of step 1 - 3. 
Table 4.5 Cutting force coefficients 
kt kr kz nT nR 
15.8601 0.0376 39.8531 0.3232 0.7346 
mT mR mZ lR lZ 
0.7992 0.9401 1.0795 -0.3867 -0.8174 
4.4.2 Comparison of simulation and experimental results 
By substituting the cutting force coefficients in Table 4.5 into the cutting force model, the 
relationship between the average peak cutting force in each milling cycle and the three 
machining parameters can be generated (Figure 4.9). To simplify the analysis, the average 
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resultant forces of each milling cycle were calculated with Equation (4-22). The experimental 
values of FT, FR and FZ were calculated with Equation (4-13) and the predicted results for these 
three values could be obtained from the cutting force model with cutting force constants of Table 
4.5. As shown in Figure 4.9, the simulation results match the experimental results to a high 
degree of accuracy. 
2 2 2
T R ZF F F F           (4-22) 
It is known that a change in machining parameters would directly affect the instantaneous 
cutting force. For example, in high speed milling of Ti6Al4V alloy with PCD tools, it was found 
that the cutting force dropped when the cutting speed was increased [7]. The cause which leads 
to such phenomenon was that the low thermal conductivity and insufficient heat dissipation 
results in the rise of regional cutting temperature when the cutting speed is increased. The 
consequent softening effect finally causes the drop of cutting force. 
However, the situation is quite different in this study, by applying PCD in the process of milling 
Ti6Al4V with the conventional cutting speed, which is range from 65 m/min to 22 m/min, the 
cutting force increases with the cutting speed as shown in Figure 4.9 (a).  
As shown in Figure 4.9 (a), the difference between the maximum and minimum resultant forces 
is around 12 N, and the experimental result shows an instability in the cutting force when the 
cutting speed was set to 175929.19 mm/min, which could be the combined results of the impact 
effect and the thermal softening effect of the machining process.  As shown in Figure 4.9 (b), 
the cutting force increases exponentially with an increase of feed when the cutting speed and 
axial cutting depth were held constant. In Figure 4.9 (c), in contrast to the experimental result of 
feed, the speed of the increase of cutting force slowed down when larger axial cutting depth was 
applied while the cutting speed and feed were constant. 
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(a) 
 
(b) 
 
(c) 
Figure 4.9 - Influence of machining parameters on cutting force: (a) the relationship of 
instantaneous cutting force and linear velocity of cutting tip; (b) The relationship of 
instantaneous cutting force and feed; (c) The relationship of instantaneous cutting force and 
axial cutting depth (Ap). 
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4.4.3 The instantaneous cutting force 
Figure 4.10 shows the instantaneous cutting force curve of single milling cycle. The maximum 
value of cutting force can be found at the cutting angle 15
o
 - 20
o
 of most the instantaneous 
cutting force curves in the experiment. Then, a significant drop appears at the following stage 
before the next small peak. Theoretically, the fluctuation of cutting force in a single milling 
cycle is not supposed to exist. And many previous studies have not mentioned on these 
fluctuations [33] [96-98]. To solve this issue, the instantaneous cutting force can be deduced as 
Equation (4-23) which can accurately describe the instantaneous cutting force changes by time. 
As Equation (4-23), the formulation of instantaneous cutting force Fdy is developed by 
introducing the Levenberg-Marquardt Method. The Fmax equals to the peak cutting force which 
can be determined by the model described in section 4.2.1. The value of time (t) is the only 
variable in the rest of the function and it is equal to t=(φr/v) where φ is the cutting angle of tool. 
According to the experimental results, the significant fluctuation of instantaneous cutting force 
finish at the cutting angle around 55
o
 and the exit angle of each cutting cycle is around 120
o
. 
Figure 4.11 illustrates the 2-step flow chart for the prediction of instantaneous cutting force. 
 Step 1 is to determinate the cutting parameters with the method introduced in Sections 3.1 
and 3.2;  
 Step 2 is to calculate the peak value of cutting force with corresponding machining 
parameters and to calculate the instantaneous cutting force by iterating by time with 
Equation (4-23). 
Figure 4.12 shows the predicted and real instantaneous cutting force of Test 6 and Test 8. The 
predicted tangential, radial and axial cutting forces highly match the experimental results. It can 
be seen that the maximum error in prediction (the difference between the predicted and real peak 
values) is less than 7 N. 
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Figure 4.10 - Illustration of tool rotation and corresponding instantaneous cutting force. 
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Figure 4.11 - Flow chart of instantaneous cutting force prediction. 
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(a) 
 
(b) 
Figure 4.12 - The instantaneous cutting force curves: (a) Test 6; (b) Test 8. 
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4.5 Summary 
A new cutting force prediction model was developed based on the variable machining 
parameters for the prediction of cutting forces in milling Ti6Al4V with brazed PCD tools. A new 
method which is applicable to a wide range of machining parameters has been proposed to 
improve the calculation of cutting force coefficients. It has been concluded that changes in 
machining parameters can significantly affect the values of the cutting coefficients. Based on 
this conclusion, the proposed model in this work can successfully predict the peak values of 
cutting force by entering the machining parameters. Furthermore, the experimental results show 
that fluctuations of cutting force existed in each milling cycle. To predict the instantaneous 
cutting force accurately, a time-dependent cutting force model has also been developed. 
Validation was conducted through cutting tests with single flute PCD end mills. The maximum 
predictive error of the peaks of cutting forces was found to be less than 7 N.  
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5 Thermal analyses 
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This chapter includes two main parts: the development of new cutting temperature model and 
the chemical analysis. Based on the analysis of experimental results cutting parameters such as 
cutting speed, feed and axial cutting depth were found to have significant influence on the 
cutting temperature. The research was focused on the deduction of cutting temperature equations 
by considering the influence of machining parameters. The chemical damage was one of the 
important failure forms. Through chemical analysis of used PCD tool, it was concluded that the 
temperature in local region of tool nose was up to 500
o
C. 
5.1 Introduction 
5.1.1 Model of dynamic cutting temperature 
According to Groover [87], nearly 98% of total energy consumed in machining is converted into 
heat. This heat always causes extremely high cutting temperature as discussed in many research 
works. Some workpiece materials such as the alloys which contain the element Titanium may 
have a chemical reaction with tool materials. Besides, the high cutting temperature may lead to 
the finished surface of workpiece becoming soft or undergoing deformation. Finally, the surface 
will be found to be poor quality. Therefore, the study of the characteristics of cutting 
temperature is one of the most popular areas for applying new tool materials. According to the 
current state of knowledge of predicting cutting temperature, there are three different methods: 
the simple analytical equation; quasi-closed form heat transfer analysis and FEM method. These 
models focus on analyzing the influence of different factors which can affect the cutting 
temperature. The factors are discussed in the following sections. 
5.1.2 The factors involved in the empirical cutting temperature model 
According to Cook [99], the simple analytical equation for predicting cutting temperature based 
on dimensional analysis can be expressed as Equation (5-1). 
0.3330.4 ( )o
vtU
T
C K
 
       (5-1) 
Where ΔT is the cutting temperature, U, ρC, K, v, to are specific energy in the operation, 
volumetric specific heat of the work material, thermal diffusivity of workpiece, cutting speed 
and undeform chip thickness respectively. 
From this equation, the machining parameters (cutting speed v and undeformed chip thickness to) 
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have an exponential relationship with the cutting temperature. The thermal properties of the 
material, such as thermal conductivity C and thermal diffusivity K, can also directly affect the 
cutting temperature. However, in many studies involving cutting temperature, the thermal 
properties of the material are assumed to be constant for the whole process in order to simplify 
the analysis.  
5.1.3 Important factors in the analytical cutting temperature model 
An accurate way of predicting cutting temperature is to set up the quasi-closed form heat 
transfer analysis as in the method of Loewen and Shaw [100]. This method considers more 
factors which can affect the cutting temperature such as the geometrical factors, cutting heat and 
thermal properties of tool and workpiece. The thermal properties of tool and workpiece are 
always assumed to be constant. Many research works only focused on the algorithm of 
calculating cutting temperature by considering the dimensional factors and the factors related to 
cutting heat. The dimensional factors in the cutting temperature model include the location of 
the measuring point in different heat source coordinate systems, the tool geometrical parameters 
and the tool path geometrical parameters. The factors which can affect heat generation in the 
machining process include machining parameters such as cutting speed, feed, axial cutting depth, 
radial cutting depth and some other factors which can affect the cooling or the heat dissipation. 
The algorithm for calculating the amount of heat generated in the cutting process and the heat 
transfer dimension are two aspects involved in the new cutting temperature model. By studying 
the transient temperature in a face milling process, Cui et al. [46] proposed a new cutting 
temperature model with the expression of cutting heat and tool-chip contact length as Equation 
(5-2). 
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Where h(φ) is the undeformed chip thickness. 
The factors in expression of (5-2) were determined by experiment. The heat generation and 
tool-chip length are determined by the value of undeformed chip thickness. And the final 
expression of average cutting temperature is 
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Where t, τ are the overtime and the differential time, the xa, xb, yc, yd,are the position of the 
calculating point. θGR can be expressed with the Green’s function in the form of Equation 
(5-4). 
21
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Where the LX is the cutting depth and z is the normal distance of measuring point from the 
tool-chip interface. Figure 5.1 shows the illustration of heat source and measuring area. 
 
Figure 5.1 - Illustration of heat source and measuring area [46]. 
Based on a similar theory derived from solid heat conduction theory, Lin developed a new 
cutting temperature model which predicts the cutting temperature of an arbitrary point in 
workpiece. However, in contrast to Cui’s model, Lin assumed that both shearing effect and 
friction effect contributed to the cutting temperature of any arbitrary point in the workpiece [45]. 
5.1.4 The impact factors in FEM model 
The FEM simulation is convenient to predict cutting temperature. Generally, by applying the 
FEM simulation, the detailed temperature distribution and transient heat transfer can be obtained. 
And the amount of heat generated is easy to calculate. As for the impact factors of this method, 
the mesh quality, material model selection and the model idealization will affect final 
convergence of the temperature model. Another consideration is that, as mention in Chapter 4, 
long cutting lengths are is hard to simulate by FEM method due to excessive computation 
requirements. 
Heat source plan 
Measuring area 
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5.1.5 The measurement of cutting temperature 
Two major methods are applied in modern thermal analysis of machining process for cutting 
temperature measurement: Infrared Camera monitoring method; to use thermal couple wire; to 
use laser sensor. 
The infrared camera is the most convenient way to measure the cutting temperature. There are 
some advantages by applying this method: the great adaptability of different process such as 
milling, turning and drilling; is the repeatable method, namely, measure the cutting temperature 
without any damage. As for the disadvantages, infrared camera method can just measuring the 
average temperature of the cutting area which means the accuracy of this method is lower by 
comparing with the method of using thermo-couple wire. Besides, the records cannot be saved 
as the exact value. 
Generally, for applying the infrared camera measuring method, there are three simple steps to 
follow:  
1. To fix the infrared camera within the available range in the machining system. 
2. To manually record the cutting temperature. 
3. To analyze the infrared pictures which record the cutting temperature of machining 
process. 
By applying thermo-couple wire method, the wire needs to be wielded on the workpieces or 
cutters. The heat flux changes in the process will be transferred into the voltage signal. And this 
signal can be amplified through the amplifier. Finally, the voltage signal can be received and 
saved by the computer. The advantages for this method are: more accurate method for measuring 
temperature; continuous recording the dynamic cutting temperature; can acquire the exact data. 
The disadvantage this method is the adaptability is worse than infrared camera method. The 
preparation is too complex for different machining process. 
In the experiment, the steps of measuring cutting temperature with thermo-couple wire methods 
are as follow: 
1. To wield the thermo-couple on the objectives this needs to be monitored. 
2. To connect the thermo-couple wire with amplifier. 
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3. To record the dynamic cutting temperature of measuring point. 
4. To analyze the dynamic cutting temperature with the recorded values. 
In the study of face milling Ti6Al4V, Pittalà and Monno
 
[43] applied the infrared camera to 
monitor the cutting temperature of the process. The experiment setup is shown in Figure 5.2. 
And the thermo-couple wire was applied in Lin’s experiment as shown in Figure 5.3. It is 
obvious that the infrared camera method is more flexible than thermo-couple wire method. 
 
Figure 5.2 - Experimental setup for measuring cutting temperature with infrared camera [43]. 
 
Figure 5.3 - The experimental setup by applying thermo-couple wire method [43]. 
5.1.6 The chemical reactions 
The major chemical components of PCD compact are diamond, cobalt and WC. The chemical 
components of Ti6Al4V are shown in Table 5.1 [9]. The possible chemical reactions between 
PCD and Ti6Al4V are as follows: 
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1 The chemical reaction between Carbon and Titanium 
Reaction conditions: 800
o
C ~ 2000
o
C 
22C Ti Ti C          (C1) 
Reaction conditions: 1500
o
C ~ 1700
o
C, to put the Ti into graphite with hydrogen flows 
C Ti TiC          (C2) 
2 The chemical reaction between Oxygen and Titanium 
Reaction conditions: 100
o
C ~ 1300
o
C, in air 
2 2
2 2 3
2
4 3 2
2 2
Ti O TiO
Ti O Ti O
Ti O TiO
 

 
             (C3) 
3 The chemical reaction between Aluminum and Titanium 
Reaction conditions: > 583
o
C 
3
3
2
3
3
2 3
6 6
Ti Al TiAl
Ti Al TiAl
Ti Al Ti Al
Ti Al Ti Al
Ti Al TiAl
 
  

 
  

         (C4) 
4 The chemical reaction between Cobalt and Titanium 
Reaction conditions: High temperature 
2
2
2
2
Ti Co TiCo
Ti Co Ti Co
Ti Co TiCo
 

 
          (C5) 
5 The chemical reaction between Tungsten and Oxygen 
Reaction conditions: >400
o
C 
2 3
2 4 11
2 3 2
8 11 2
W O WO
W O W O
 

        (C6) 
6 The chemical reaction between Tungsten and Carbon 
Reaction conditions: >1400
o
C 
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22
W C WC
W C W C
 

         (C7) 
7 The chemical reaction between Tungsten and Aluminum 
Reaction conditions: >682
o
C 
12
5
4
3
2
3 7
12
5
4
3
2
3 7
W Al WAl
W Al WAl
W Al WAl
W Al WAl
W Al WAl
W Al W Al
 
  

  

 
  

         (C8) 
8 The chemical reaction between Tungsten and Cobalt 
Reaction conditions:  
33W Co Co W         (C9) 
9 The chemical reaction between Oxygen and Cobalt 
Reaction conditions: ≈900oC 
2 2 2O Co CoO         (C10) 
Reaction conditions: >300
o
C 
2 2 3
2 3 4
3 4 2
2 3
O Co Co O
O Co Co O
 

        (C11) 
10 The chemical reaction between Aluminum and Cobalt 
Reaction conditions: >1400
o
C, in vacuum or inert gases 
2 5
3 13
2 5
3 13
Co Al CoAl
Co Al Co Al
Co Al Co Al
 

 
          (C12) 
Table 5.1 Chemical composition of Ti-6%Al-4%V 
 
Contents Al V Fe O C H N Y Ti 
 
Composition (wt %) 5.5 3.5 0.3 0.14 0.08 0.01 0.03 50ppm Balance 
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5.2 Dynamic cutting temperature 
5.2.1 Model of dynamic cutting temperature 
As illustrated in Figure 5.4 (a), it can be assumed that the cutting temperature at one fixed point 
in the cutting zone is caused by two heat sources from the shearing plane and the flank plane. 
According to Lin et al. [3], the temperature rise caused by each individual heat source at a fixed 
point M can be expressed by Equation (5-5). 
2
4 ( ( ) ( )( ( ) ( )), ,
8 4 4 4 4
iy
i i i i i
i
Q x x W z z L
e erf erf erf erf i s f
c

     

 
   
   (5-5) 
Where: c, ρ, W, L, α and τ are specific heat capacity, density, length and width of rectangular 
heat source, thermal diffusivity and time in actual milling process; s and f indicate shear plane 
and friction plane of the tool - chip interface as illustrated in Figure 5.4 (a). And the location of 
M in the local shearing and friction coordinate systems can be described as (xs,ys,zs) and 
(xf,yf,zf).  Therefore, Equation (5-5) can be simplified to Equation (5-6). 
( , , , ) , ,i i iK x y z Q i s f          (5-6) 
Where K=HJ, and the expression of H and J are as in Equation (5-7). 
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, ,
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4 4 4 4
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i
i i i i
i
e
H i s f
c
x x W z z L
J erf erf erf erf i s f

 
   


 

  
   
   (5-7) 
To discuss the value of Ki, four assumptions were made in the calculation: 
 The measuring point is at the same location in each milling cycle and the area of heat 
source remains the same value. Therefore, the coordination should be of the same value, 
i.e., the values of (xs,ys,zs) and (xf,yf,zf) are constant. 
 The measuring time is the same in each milling test, namely, the value of τ is constant. 
 The thermal parameters of the workpiece are constant.  
 W and L equal to the values of feed per tooth and the axial cutting depth. 
According to assumptions 1 - 4, the value of H is constant. However, J is still variable when 
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machining parameters are changed. Because the temperature measured in this experiment is 
considered to be the average cutting temperature, the location of measuring point P can be an 
arbitrary point anywhere on the surface of the chip. Therefore, it can be assumed that xs=xf, 
ys=yf, zs=zf. According to the experimental measurement of Tests 9 - 22, the location of point M 
in the friction heat source coordinate system can be defined as xf=0.01mm, yf= 0.2mm, zf= 
0.1mm and the processing time τ for one milling cycle is 3ms. By substituting this location, 
machining parameters and material parameters into the expression of J, it can be found that the 
range of J with different feed and depth of cut is from 0.003 - 0.03.  
 
(a) 
 
(b) 
Figure 5.4 - The illustration of rectangle heat source and the position of measuring point (a) The 
position of heat source and measuring point on machining system (b) The assumed position of 
measuring point in friction plane coordinate system. 
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It is obvious that heat source Q is also an important factor which can determine the value of the 
temperature and it is proportional to the cutting temperature. Many models have been developed 
by different researchers to describe the cutting heat source. For example, Cui et al. [46] 
introduced the polynomial form of heat source in their model based on the least-squares method. 
However, the polynomial form cannot exactly reflect the principle of heat generation. 
Theoretically the heat source consists of two essential elements: the heat generated by shearing 
and the heat generated by friction. According to Abukhshim et al. [101], these two parts of heat 
can be described as Equation (5-8). 
( , , ) ( , , ) , ,i t p i t pQ v f a F v f a v i s f        (5-8) 
Then, the cutting temperature can be rewritten as Equation (5-9). 
i i iHJ Fv               (5-9) 
It is known that changes of v, ft and ap will result in a variation of the peak values of cutting 
forces. According to Anayet et al. [102], the empirical function of cutting force can be expressed 
as Equation (5-10). 
31 2 mm m
t pF Av f a         (5-10) 
It is obvious that cutting force has an exponential relationship with machining parameters. And 
the variation of machining parameters will finally lead to the change of the average cutting 
temperature. By considering the sources of the cutting heat, the relationship between cutting 
parameters and the average temperature at point M is proposed as Equation (5-11) according to 
Equation (5-8) - Equation (5-10): 
3 5 61 2 4
e s f s t p f t pR v f a R v f a
         
     (5-11) 
Where α1, α2, α3, α4, α5 and α6 are empirical constants. Rs and Rf are two functions of K1 and K2 
which can be expressed as Equation (5-12). 
, ,i i iR C K i s f          (5-12) 
Where Ci (i=s, f) is a constant in the equation. And the values of Rs and Rf can be assumed as 
the function which is determined by the value of Ji (i=s,f). By substituting the experimental data 
of cutting temperature and corresponding machining parameters into Equation (5-11), the values 
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of these parameters can be calculated. 
5.2.2 Experimental validation 
The cutting experiments were carried out on a 4-axis HAAS milling machine. The cutting force 
signal was collected through an 8-channel dynamometer (Kistler 5070) installed underneath the 
workpiece. The coupler used was a 6-channel charge amplifier (Kistler 5070). The force single 
was recorded via a DAQ card (National Instrument model 9257). The setup of the experimental 
system was illustrated in Figure 5.5 (a). To simplify the analysis of relevant factors, the tool 
paths applied were straight lines along the edge of the workpiece. The FLIR Infrared Camera 
was fixed in the position shown in Figure 5.5 (b). Twenty two cutting tests were carried out. The 
detailed cutting parameters are listed in Table 4.4. The room temperature is around 25℃ 
 
(a) 
 
(b) 
Figure 5.5 - Experimental system setup (a) the instantaneous cutting force monitoring system (b) 
the thermal monitoring system. 
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Cutting temperature is an important factor that affects cutting forces. High cutting temperature 
may soften the workpiece material and lead to a decrease of the cutting force.  The cutting 
temperature at the cutting edge is dynamically changing in the cutting process and it is unevenly 
distributed along the cutting edge of the tool. However, due to the complexity of the rotating 
cutting tool and the disturbance of splashing coolant, it is impossible to accurately measure the 
cutting temperature at the cutting edge in real-time in the milling process. In practice it is more 
important to find out the relationship between cutting temperature in the cutting zone and cutting 
parameters and material behavior in the milling process, although the temperature obtained may 
not be the exact real-time temperature on the cutting edges. 
  
(a) 
 
(b) 
Figure 5.6 - Thermal images of milling process (a) the image before cutting (b) the thermal image 
of Test 13. 
Measuring 
point P 
Measuring 
point P 
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To investigate the relationship between machining parameters and the cutting 
temperature, the temperature measuring system shown in Figure 5.5 (b) was setup. 
Point P is the measuring point which is located in the cutting zone of tool. It is 
assumed that the temperature measured on point P represent the average cutting 
temperature in the cutting zone. The infrared image of the static milling system is 
shown in Figure 5.6 (a). Figure 5.6 (b) illustrates the infrared image captured in Test 
13. It can be seen that the measuring point (P) is the average cutting temperature of 
cutting zone in the milling process as shown in Figure 5.6. 
5.2.3 Prediction and Analysis 
The parameters of the cutting temperature model are listed in Table 5.2. 
Table 5.2 Parameters 
 
The comparison of predicted cutting temperature and the experimental results are 
shown in Figure 5.7, Figure 5.8 and Figure 5.9 It can be seen in these Figures that the 
predicted cutting temperatures are reasonably accurate. In Figure 5.7 the results from 
calculation match the experimental results at accuracy of up to 99.5% when the axial 
cutting depth is between 0.4 - 0.6 mm. 
Figure 5.7 illustrates the predicted average temperature at point P and the actual 
temperature at the same location with various cutting speeds. The experimental data 
was collected in Tests 1 - 8 with the machining parameters listed in Table 4.4. The 
increase of cutting speed in the milling tests directly led to the rise of cutting 
temperature. The range of cutting temperature was found to be between 137 
o
C to 220 
o
C. Through generating more heat in the milling process, both shearing and friction 
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contributed to the increase in temperature caused by higher cutting speed. Due to the 
poor thermal conductivity of Ti6Al4V, there was a significant increase in the average 
temperature at point P at the final stage. 
Similar experiments have been conducted by some other researchers as well. For 
example, Rao et al. [28] found that the temperature increased with an increase of 
cutting speeds when the applied cutting speed was lower than 150 m/min, but the 
temperature dropped when the cutting speed was higher. The small difference 
between their results and our findings was caused by the different thermal 
conductivity of different tool materials.  In the experiments of Rao et al. [28], WC 
rather than diamond cutting tools were applied. The thermal conductivity of PCD is 
about five times higher than that of WC. Therefore, the temperatures measured in our 
experiments were lower than those obtained with WC tools. 
To investigate the effect of axial cutting depth on cutting temperature, six cutting tests 
(Tests 9 - 14) were carried out in the same milling system. The results are plotted in 
Figure 5.8. Because the increase of axial cutting depth causes the increase of contact 
area between PCD tool and Ti6Al4V, which results in the generation of more heat, it 
can be seen in Figure 5.7 that the temperature raises from 100 
o
C to nearly 200 
o
C.  
The thermal effects of feed are shown in Figure 5.9. The data is the results of Tests 15 
- 22. Similar to the effect of increasing axial cutting depth, by applying larger feed, 
the interface area of front tool cutting plane and workpiece increased and this led to 
the rise of cutting temperature.  
The 3-dimensional image of the PCD insert in Figure 5.10 was taken by using the 
Alicona Microscope. It can be seen in the image that the flank of the PCD tool was 
damaged by abrasive wear which was caused by the serious friction during the 
machining process. Such great change of flank wear had not been found in Tests 9 - 
14. It is possible that the damage at the flank of the tool was caused by the 
Built-Up-Edge (B.U.E) and chipping. Then, the irregular surface of worn flank would 
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result in the generation of more heat at the later stage as illustration in Figure 5.11. 
Therefore, it can be concluded that the flank of the tool is more prone to damage with 
an increase of feed, and the average cutting temperature would rise due to the 
additional heat generated by the damaged surface. 
 
Figure 5.7 - The thermal effect of changing cutting speed (Vc). 
Figure 5.8 - The thermal effect of changing axial cutting depth (ap). 
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Figure 5.9 - The thermal effect of changing feed (ft). 
 
Figure 5.10 - The abrasive damage on flank of PCD tool. 
Flank wear 
of PCD tool 
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Figure 5.11 - The illustration of friction area on tool flank. 
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5.3 Residual chemical components on the PCD tool 
5.3.1 The study of temperature distribution on tool nose 
To illustrate the distribution of the temperature on the cutting tool in addition to the 
average temperature in the cutting zone, a three-dimensional FEA model (Figure 5.12 
(a)) was developed by using the same machining parameters and cutting tool as 
applied in Test 14, and residual chemical components on the PCD tool were examined 
to find out if chemical reactions have taken place. 
The Johnson-Cook constitutive equation (Eq. (5-13)) was used to describe the 
material behavior of Ti6Al4V. According to Umbrello [103], the material parameters 
A, B, n, C, m and the friction coefficient are listed in Table 5.3. It can be seen that the 
highest temperature in Figure 5.12 (b), which is close to 500 K (227
o
C) is higher than 
the average cutting temperature measured in Test 14. Because the temperature 
measured in the cutting region is the averaged cutting temperature, theoretically it 
should be lower than the temperature at the cutting edge. 
0
[ ( ) ][1 ln( )][1 ( ) ]
pn mr
p
m r
T T
A B C
T T

 


   

   (5-13) 
Table 5.3 Johnson-Cook parameters of Ti6Al4V 
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(a) 
 
(b) 
Figure 5.12 - The FEM result of milling process (a) the 3D milling model of Test 14 (b) 
the average cutting temperature nephogram of cutter. 
  
Tool 
Ti6Al4V 
Cutting 
zone 
96 
 
 
5.3.2 The analysis of XRD results 
Four PCD tools were examined with the XRD method to analysis the chemical 
components remaining on the tool surface. These tools were brand new before they 
were used in the experiments. The average machining time in each test was 3 mins. 
Figure 5.13 (a) and Figure 5.13 (b) show the XRD results of Tool 1 and Tool 2 which 
were used in Test 1 and Test 8, respectively. Machining parameters for these eight 
tests were listed in Table 4.4. The cutting temperature in Test 8 was higher than that in 
Test 1 due to the higher cutting speed applied. The chemical components remaining 
on Tool 1 were found to be the original materials: Tungsten Carbide (WC), Carbon 
(Diamond) and Cobalt (Co). More chemical elements such as TiC and W2C were 
detected on the surface of Tool 2.  Theoretically these materials can only be formed 
in chemical reactions at elevated temperature of up to 500 
o
C or higher. Therefore, it 
can be concluded that when the high cutting speed was applied in the milling process, 
the local temperature on the edge of the PCD cutter was high enough to initiate these 
chemical reactions. 
Figure 5.13 (c) and Figure 5.13 (d) are the XRD results of PCD Tool 3 and Tool 4 
which were applied in Test 9 and Test 14.  Compared to Test 14, a smaller axial 
cutting depth was used in Test 9 while the other machining parameters remained the 
same. According to previous results, the increase of axial cutting depth can cause a 
rise of cutting temperature. The cutting temperature in Test 14 would have been 
higher than that in Test 9. From Figure 5.13 (d), it can be seen that chemical reaction 
did occur in Test 14, new material TiO2 and WO3 were found on the PCD surface of 
Tool 4. 
However, the examination on PCD Tool 3 (Figure 5.13 (c)) shows no new 
components, which indicates that no chemical reactions occurred in Test 9 and the 
cutting temperature was low.  PCD tool applied in Test 9 was found to have 
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remained in good condition. 
 
(a)                                (b) 
 
(c)                               (d) 
Figure 5.13 - 4 XRD results of used PCD tools (a) PCD tool used in Test 1 (b)PCD tool 
used in Test 8 (c)PCD tool used in Test 9 (d) PCD tool used in Test 14. 
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5.4 Summary 
This chapter investigated the thermal characteristics in milling Ti6Al4V with PCD 
tools which include average cutting temperature, chemical components and chip 
morphology. A predictive model was developed and validated to calculate cutting 
temperature of PCD tools to investigate the relationship between the temperature and 
machining parameters. By defining the measuring point, the cutting temperature can 
be monitored experimentally with the Infrared Camera device. Experimental results 
show that the temperature increased with increase to vc, ft and ap. Results from the 
model match the data measured in the cutting experiments. 
Chemical analysis was performed by using the XRD method to check residual 
material on the PCD tools. New chemical components such as TiC and TiO2 were 
detected on some PCD tools and indicated that the cutting temperatures were higher 
than 500
o
C in these cutting tests. 
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6 Tool wear and failure 
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This chapter investigates tool wear in the end milling of Ti6Al4V with PCD tools. It 
includes three aspects: the initiation of cracking, tool life investigation and 
fractograph analysis. According to the analysis of SEM photos, the chipping and 
delamination were found to be the major wear forms. By simulating the milling 
process with FEM method, the results show that stress concentration and shearing can 
be the possible reasons for initiating the cracking on cutting edge of PCD tools. 
Besides, the tool life test investigates the time of chipping initiation and tool wear 
evolution. 
6.1 Introduction 
6.1.1 Criterion of tool failure 
Tool wear analysis, as well as the study of cutting force and cutting temperature, is the 
most important aspects for selection and application of new tool material. To 
understand the tool wear characteristics is important for the practical applications. The 
catastrophic tool wear can cause unacceptable quality of surface finish. According to 
ISO 8688 -1 and ISO 8688 -2 [104], namely, tool life testing in face milling and end 
milling, the types of tool wear include: Flank wear (VB), Face wear (KT), Chipping 
(CH), Cracks (CR), Flaking (FL), Plastic Deformation (PD) and Catastrophic Failure 
(CF). The tool wear criterions of different wear forms are shown in Table 6.1. The 
flooding is used as the cooling method in the process. In Table 6.1, the meanings of 
the three characters need to be mentioned: 
N (Normal): 
To select the values of tool wear criterion by considering a reasonable compromise 
between reliability, costs of testing and normal deterioration intensity. 
L (Large): 
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To select the values of tool wear criterion without probiting the cost of higher material 
consumption and and the tool can be used until final destruction. 
S (Small) 
To select the values when the costs of material consumption is very high. 
Table 6.1 The criterion of tool wear [111] 
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6.1.2 The failure of brittle material 
PCD is the material sintered diamond particles with WC-Co substrate in the high 
pressure and high temperature process. There are two different chemical bonds of 
PCD: the Covalent bonds between diamond particles (D-D) and the Ionic between 
metal materials and diamond particles (D-M-D) [105]. The increasing tendency of 
brittle fracture is shown in Figure 6.1. 
 
Figure 6.1 - The increasing tendency for brittle fracture [106]. 
Therefore, it is reasonable to believe that PCD compacts can show the significant 
Increasing tendency for brittle fracture 
Metallic Ionic Covalent 
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brittleness because there are a lot of Ionic and Covalent chemical bonds. The failure 
forms of brittle material include: 
Cleavage - crack extension occurs by breaking of bonds across an atomic plane. 
Figure 6.2 shows the crack propagation of material with the form of cleavage. The 
major characteristics of cleavage fracture are: 
1. Transgranular. 
2. Low-energy fracture. 
3. Low capacity of plastic deformation. 
4. The crack tip stress is normally lower than the theoretical fracture stress. 
 
Figure 6.2 - The crack propagates in the form of cleavage [106]. 
Intergranular fracture - this is low toughness and low ductility fracture mode. The 
reasons for this type of fracture mode are weakness of grain boundaries, the brittle 
phase or impurity at the grain boundary, the excessive treatment with hydrogen or 
intergranular corrosion. Figure 6.3 shows the crack propagation with the form of 
intergranular fracture. 
 
Crack path 
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Figure 6.3 - The illustration of intergranular fracture: (a) fracture due to brittle phase 
at the boundary; (b) fracture due to the strong inner structural strength in particles 
[106]. 
Crazing - the initiation of this mode is similar to cracking. In the case of ploymers, 
when the temperature is lower than glass temperature, the material can fail with 
Crazing. 
6.1.3 Relevant calculations 
According to Groover [87], the tool life can be predicted with the Taylor’s equation 
n
tvT C        (6-1) 
Where v is cutting speed (m/min); Tt is tool life (min); n and C are constants. 
This empirical expression of tool life summarizes the relationship between cutting 
speed and tool life. However, the linear relation is not available for many situation of 
tool application. For the conventional process, the tool life can be determined by some 
factors such as, type of process (e.g. milling, drilling, turning, etc.), the material 
properties of the cutting tool and material of the workpiece, the cooling condition in 
the process and the machining parameters applied. 
Another expression of determining tool wear is 
Brittle phase 
Particle 
Particle 
Particle 
Boundary between paricles 
Particle 
Particle 
Particle 
106 
 
3
K FL
W
H

        (6-2) 
Where W, K, F, L and H are the volumetric wear of the material, Archard wear 
coefficient, the contact force, cutting length and the hardness of softest material. And 
the contacting force expression is provided by Iliescu as Equation (6-3). [107] 
( )aF Kf v g W
         (6-3) 
Where Kc, α, β are calculating parameters for the expression; f and v are feed and 
cutting speed. The g(W) is the function of the tool wear. 
From equation (6-2) and (6-3), it can be induced that the feed and cutting speed have 
the exponential relationship with the tool wear. 
A new tool wear model proposed by Hao et al. [108]as Equation (6-4).  
o
f
pvt
h CK


       (6-4) 
Where C and K are empirical constants; p, v and t are normal load, cutting speed and 
cutting time. And the fraction intension of the WC tool is 
( 788) /54
1766
371 ( )
1
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e 


 
       (6-5) 
The Equation (6-3) and (6-4) describe the relationship between machining parameters 
and tool wear. The Equation (6-3) uses the exponential function form to estimate the 
tool wear. And the Equation (6-4) describes the linear relationship. Due to the 
complexity of PCD failure evolution in this experiment, these models cannot agree 
well with the experimental result. 
In this study, the Taylor’s equation has been modified based on the experimental 
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results. The influence of feed is more significant than cutting speed. Therefore, the 
Taylor’s Equation can be rewritten as Equation (6-6). 
n
tfT C       (6-6) 
And the calculation parameters were obtained by substituting the data of tool wear 
and corresponding time values. 
6.1.4 Measurement method 
There are two main methods for measuring tool wear in modern industry: Scanning 
Electrical Microscope and optical microscope. For this study, the Philips XL 30 SEM 
and Alicona optical microscope are used for examining the used PCD tools. 
According to the Alicona’s manual, the measuring parameters are shown in Figure 6.4. 
“a” represents the distance from the point where the profile path leaves the straight 
line up to the point where “a” subtends “b”. And “b” is the length from the point 
where the profile path leaves the straight line up to the point where “b” subtends “a”. 
“a” is the value applied for evaluating the tool wear. 
 
Figure 6.4 - The measuring parameters on tool nose. 
6.1.5 The structure and objectives 
To study the PCD tool wear in endmilling Ti6Al4V process, there are three aspects 
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involved:  
 The analysis of cracking initiation in the process;  
 The analysis of tool wear evolution;  
 The analysis of tool fractographs.  
And the structure outline is shown in Figure 6.5. 
For the first aspect, the study of tool wear initiation is performed based on the 
observation of PCD SEM scanning results and the FEM simulation with Abaqus 
software. According to the summary of the PCD tool wear at the early stage of 
process, the crater wear and chipping occurred at the cutting edge. The FEM model is 
setup by applying the cutting force obtained from experiment. And the material failure 
analysis of FEM uses extended finite element method (XFEM) technology to simulate 
the situation of shearing damage and stress concentration of notched section.  
The second aspect focuses on the study of tool wear evolution. The used PCD tools 
were examined by Alicona optical microscope. By analyzing the measurement of 
PCD tool wear in different cutting length, the tool wear evolution relation curve is 
summarized. The investigation of tool wear fractographs is performed based on the 
observation of PCD SEM scanning results. 
The objectives of PCD tool wear analysis are set to: 
1. Find out the reason of tool wear initiation. 
2. Setup the relationship curve of tool life. 
3. Identify the characteristics of brittle fracture. 
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Figure 6.5 - The structure of tool wear analysis. 
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6.2 Experiment setup 
The cutting experiments were carried out on a 4-axis HAAS milling machine. Signals 
of cutting force were collected through an 8-channel dynamometer (Kistler 9257B) 
installed underneath the workpiece. The coupler used was a 6-channel charge 
amplifier (Kistler 5070). The force signal was recorded via DAQ card (6036E, 
National Instrument). The setup of the experimental system is illustrated in Figure 6.6 
(a). Furthermore, the tool wear evaluation method is illustrated as Figure 6.6 (b). By 
measuring the value of Tt, the evolution of tool wear can be investigated. To reduce 
the effects of noise factors, the tool paths used in the cutting tests were straight lines 
along the edge of the workpiece.  
It is understood that three machining factors may affect the surface quality and 
machining efficiency: cutting speed, feedrate and axial cutting depth. In the 
experiment, a total of 31 tests were carried out and the cutting parameters applied in 
the experiment are listed in Table 6.2. The symbolic v, ap and f are cutting speed, axial 
cutting depth and feed, respectively. To eliminate the effect of tool wear on cutting 
force and surface quality of workpiece, six new tools which had the same geometrical 
parameters and grain size were used in this experiment. The radial cutting depth is 
3.5mm, flooding cooling was applied. 
111 
 
 
Figure 6.6 - Milling system setup and tool wear evaluation method. 
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Table 6.2 Cutting parameters. 
Tool 
Number 
Test 
Number 
Cutting speed 
Vc m(m/min) 
Axial 
cutting 
depth 
ap (mm) 
Feed 
fz(mm/rev) 
Material 
removal 
rate 
(mm3/min) 
Contact 
Area 
(mm2) 
Tool 1 
1 87.96 0.2 0.020 112 0.004 
2 87.96 0.4 0.025 280 0.010 
3 87.96 0.6 0.030 504 0.018 
4 131.95 0.2 0.016 140 0.003 
5 131.95 0.4 0.020 336 0.008 
6 131.95 0.6 0.013 327 0.007 
Tool 2 
7 175.93 0.2 0.015 168 0.003 
8 175.93 0.4 0.01 224 0.004 
9 175.93 0.6 0.012 420 0.007 
Tool 3 
10 65.97 0.2 0.025 105 0.005 
11 87.96 0.2 0.025 140 0.005 
12 109.95 0.2 0.025 175 0.005 
13 131.94 0.2 0.025 210 0.005 
14 153.93 0.2 0.025 245 0.005 
15 175.93 0.2 0.025 280 0.005 
16 197.92 0.2 0.025 315 0.005 
17 219.91 0.2 0.025 350 0.005 
Tool 4 
18 131.95 0.1 0.030 126 0.003 
19 131.95 0.2 0.030 252 0.006 
20 131.95 0.3 0.030 378 0.009 
21 131.95 0.4 0.030 504 0.012 
22 131.95 0.5 0.030 630 0.015 
23 131.95 0.6 0.030 756 0.018 
Tool 5 
24 131.95 0.2 0.010 84 0.002 
25 131.95 0.2 0.020 168 0.004 
26 131.95 0.2 0.030 252 0.006 
27 131.95 0.2 0.040 336 0.008 
Tool 6 
28 131.95 0.2 0.050 420 0.010 
29 131.95 0.2 0.060 504 0.012 
30 131.95 0.2 0.070 588 0.014 
31 131.95 0.2 0.080 672 0.016 
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6.3 Results and analysis 
6.3.1 Shearing damage 
The shaded area in Figure 6.7 (a) indicates the contact area between PCD cutting tool 
insert and Ti6Al4V workpiece. In each milling cycle, shearing occurrs on the 
boundary of the contact region. As calculated in Table 6.3, the range of pressure on 
the PCD is from 3419.20 N/mm2 to 7861.53 N/mm2 (i.e. from 3.4 GPa to 7.86 GPa). 
Among the first nine tests, the pressures in Test 1 and Test 7 are significantly greater 
than the others. When the PCD inserts were periodically loaded under these pressures, 
brittle cracks could be initiated on the shear plane and progressively resulted in tool 
failure in the milling cycles. 
Table 6.3 Cutting Forces (Unit: N). 
Test Number Fx Fy Fz Resultant force (F)  Pressure P  
N/mm2(GPa) 
1 18.91 13.39 9.48 25.04 6262.03(6.26 ) 
2 38.01 21.44 12.37 45.34 4536.90(4.53) 
3 48.88 36.39 8.52 61.56 3419.20(3.42) 
4 12.37 9.42 10.15 18.55 5572.60(5.57) 
5 33.69 18.25 9.96 39.57 4949.99(4.95) 
6 21.26 15.07 8.88 27.50 3442.32(3.44) 
7 15.73 15.73 7.80 23.60 7861.53(7.86) 
8 7.32 10.99 7.14 15.01 3754.92(3.75) 
9 24.14 21.50 8.82 33.51 4468.74(4.47) 
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(a) 
 
(b) 
Figure 6.7 - The illustration of PCD insert and the SEM of the worn PCD tool: (a) The 
sketch of contact zone between PCD cutting tool insert and workpiece; (b) Side view of 
damaged PCD insert. 
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6.3.2 Stress concentration 
Stress concentration was one of the possible reasons which lead to cracking. Figure 
6.8 (a) shows a new PCD insert with a tiny notch at the cutting edge; Figure 6.8 (b) 
shows that the chipping occurred at the same location of the insert after the tool was 
damaged in the machining process. This indicates that the existence of innate notches 
could possibly initiate cracks. Normally, the stress concentration always occurs on the 
blunt edge or the place with notches.  
In order to further analyze the failing process of PCD tools, two finite element 
analysis (FEA) models were developed by using the commercial software program 
Abaqus. In the FEA models the same geometric parameters and material properties of 
the PCD inserts used in the cutting test were applied. Two simulations were conducted: 
the simulation of stress concentration on PCD tool edge with notches, and the 
simulation of brittle cracking on PCD tool edge. In the first model, Extend Finite 
Element Method (XFEM) was used to simulate the cracking on the notched edge of 
the PCD tool. The maximum stress principle (MAXPS) was employed as the failure 
criterion. The maximum compressive stress was 2.1 GPa [109], the failure 
displacement of specimen was 0.2 mm [110].  The pressure in contact area was set to 
be the 5.5 GPa as shown in Table 6.3.  
The second FEM model was developed to simulate the catastrophic damaged on the 
nose of PCD insert at the last period of milling test. The material model was brittle 
cracking in which Rankine criterion was used. The direct stress after cracking was the 
same as the compressive limit in the first model.  The failure displacement was 0.2 
mm.  
The result of the first simulation is shown in Figure 6.9 (a). It can be seen that stress 
concentration occurred at the notch of PCD insert after the pressure of 5.5 GPa was 
loaded on the contact area, and the initiated cracks appear on the notch. This indicates 
that the cutting edge of PCD which has a notch is prone to stress concentration during 
the milling process and will lead to tool failure. Therefore, a well ground PCD tool 
with sharp cutting edges is needed to avoid the crack initiation on the cutting edge. 
The catastrophic damage shown in Figure 6.9 (b) illustrates that the PCD collapse 
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along the shearing boundary of contact area. This result matches the fractograph of 
the damaged tool.  
 
(a) 
 
(b)                                                        
Figure 6.8 - SEM photos of cracking on the PCD insert (a) the irregular cutting edge of 
new, PCD insert (b) the damaged spot on the same PCD insert. 
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(a) 
 
(b)                                                                   
Figure 6.9 - The simulation of crack initiation with the load of 7.9 GPa: (a) The 
simulation of cracking initiation; (b) The simulation of use PCD material collapse. 
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6.3.3 Analysis of fractographs 
Due to the special inhomogeneous structure of PCD, the wear and failure mechanism 
of PCD tool is more complicated than conventional cutting tools made of 
homogeneous such as Carbide and Carbon Tungsten.  The wear and failure could be 
caused as the forms of adhesion, abrasion, brittle chipping, fatigue, graphitization, and 
chemical reactions [111], or the combination of multiple factors above. In the 
experiments conducted, brittle and fatigue damages (Figure 6.10) were found to be the 
main forms of PCD tools wear. And the details of PCD fractograph and causes of tool 
wear were discussed as following paragraphs. 
Figure 6.10 (a) shows the cleavage-like fractograph of the PCD tool. It was found on 
the tool used in Test 7.  Figure 6.10 (b) shows the fractograph of the delamination 
and cohesive rupture on the PCD tool used in three tests (Tests 1 - 3). Figure 6.10 (c) 
shows the cracks propagated in two directions; the tool was examined after the eight 
tests (Tests 10 - 17) were completed. 
As shown in Table 6.3, the average pressure on the PCD tool in Test 7 is around 7.86 
GPa. It can be seen in Figure 6.10 (a) that no significant plastic deformation occurred 
and no dimple ruptures could be found. Flank wear at the edge was visible. It is 
reasonable to assume that the chipping section of PCD insert was rubbing in the 
milling process. The friction effect was the main factor for this kind of failure. The 
rubbing action removed a small amount of material from the original fractograph and 
“polished” it.  
Delamination was found on both Figure 6.10 (b) and Figure 6.10 (c). Being the 
sintering material, the inside physical structure of PCD, the binding between Cobalt 
and Diamond particles and the binding between Diamond and Diamond particles, 
determines the mechanical properties. The break of these bindings or the 
dislodgement of diamond particles from the structure is unpredictable. The 
delamination in the fractograph is caused by the inhomogeneous property of PCD. 
The innate voids of the material distribution inside PCD can contribute to such kind of 
failure. 
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(a) 
 
(b) 
 
(c) 
Figure 6.10 - SEM image of damaged PCD Samples: (a) cleavage-like fractograph on 
the secondary cutting edge; (b) the cohesive rupture and delamination on the 
secondary cutting edge (c) the directional damage at different regions on the PCD 
insert. 
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In Figure 6.10 (c), the damage area on the insert can be roughly divided into two 
different regions: Region A and Region B.  In Region A, the crack or the fracturing 
path propagated along the direction which is vertical to the cutting surface; In Region 
B, the rubbing occurred at the main cutting edge. Region A is the result of the over 
loading on brittle material. The brittle cracking happened when the pressure became 
higher than the compressive limit. The cracks propagated in the direction of pressure, 
and finally led to the collapse of the PCD. As for Region B, this area suffered less 
stresses in the process. When the normal pressure was above the compressive limit of 
PCD, the shearing occurred at the contact boundary of the secondary cutting edge. 
But the area of Region B might bear the low normal pressure which was lower than 
the compressive limit of PCD. Therefore, it is reasonable to believe that the friction 
effect dominates this area. 
6.3.4 Tool life and tool wear evolution 
Unlike the turning process, the cutting edge of a milling tool is under continuous 
cyclical impact of the periodical cutting force. A few loading cycles would not result 
in obvious cracks on the PCD surface [109], this generated were 100 to 1000 
indentations. With the increase in the number of cycles, fatigue fail may cause 
damage to the PCD. Similar phenomenon had been observed by Lin et al. [109]: the 
PCD was broken after 5000 loading cycles with a load of 30 KN. The compressive 
strength of notched PCD compact varied from 1.9 to 4.7 GPa, the PCD tool was 
broken after 28671 cycles when quasi-static loads were applied. 
In the cutting experiments, when the normal pressure was up to 4.9 GPa, no obvious 
crack was found on the edge or the normal surface of the PCD insert after 4265 cycles 
(Figure 6.11). When the number of cycles reached 27750, micro chipping appeared 
(Figure 10 (b)). Also, inconsistent tool life was found among the same type of PCD 
tools: under the same cutting conditions, different tools made with the same type of 
PCD showed different tool life or cutting performance. Figure 14 illustrates the 
photos of the tools which were taken after 24000 cycles. It can be seen that one tool 
(Figure 6.11 (b)) maintains sharp cutting edge, but damages occurred in the other tool 
(Figure 6.11 (c)). The cause that leads to such ununiformed performance is the 
random distribution of initial defects in the PCD material.  The numbers of defects 
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and some large voids in PCD can reduce the Young’s Modulus and density 
distribution inside the PCD. [112] 
 
(a)                    (b)                    (c) 
Figure 6.11 - SEM images of 2 PCD samples after the same loading cycles: (a) SEM 
image of the PCD tool after 4265 loading cycles; (b) the new-like PCD sample which 
was examined after 24000 milling cycle; (c) the damaged PCD sample which was 
examined after 24000 milling cycle. 
In the experiment observations made on the cutting tool wear and fractographs 
revealed that the tool wear along chip flow direction is significant.  It is observed 
that due to combined effect of high Yield stress and Low Young’s Modulus (114GPa) 
ratio which allows titanium alloys only small plastic deformations resulting wear on 
the cutting edge causes ‘Flute’ type of Fractograph which appear similar to plates in 
drapes or long parallel grooves on architectural columns [113]. Figure 6.12 shows the 
comparison of Wear from the experimental tool to the ASM Metals hand book 
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(a) 
 
(b) 
Figure 6.12 - (a) Flute Fractograph (ASM); (b) Flute Wear observed of test tool 
[113]. 
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For the tool life analysis, two brand new tools of same geometry were used with same 
cutting parameters except the feed. In the first experiment the tool life was measured 
after every 302.4 mm cut with the feed of 300mm/min, axial depth of cut of 0.2mm 
and at a cutting speed of 180m/min. Figure 6.13 shows the images taken after every 
test cut. By analyzing the recorded wear data we notice that after the first test cut 
there is about 5-10 microns wear on the cutting edge with some built up edge. After 
the second test cut the tool wear remains within the range of 5-10 microns whereas 
the built up edge increased during this run. After the third test cut it is observed that 
there is dramatic increase in the tool wear amounting between 40-50 microns. It 
showed more flank wear compared to crater wear. After the fifth test cut the tool 
showed the retention of the previous wear pattern which was about 50 microns, but in 
the fifth run the wear remained around 50 microns but it is observed that it had 
increased built up edge. Figure 6.13 shows the wear pattern of the tool after each test 
cut. 
 
Figure 6.13 - The tool wear pattern measured after every test cut of 302.4mm with feed 
of 300mm/min cutting speed of 180m/min and axial depth of cut of 0.2mm. 
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In the second experiment the feed was increased to 400mm/min keeping all the other 
parameters same as the first experiment. The wear pattern on the cutting tool was 
measured on the Alicona microscope and analyzed. After the first test cut the tool has 
1-2 microns of flank wear but there was a signs of crater wear in this tool with some 
built up edge. After the second test cut it was observed that the crater wear increased 
but there was not much flank wear crater wear was around 5-10 microns. At the end 
of the third run the tool showed increased crater wear along with 30-40microns of 
flank wear. After the fourth run the tool has worn on both flank and crater up to 50 
microns showing signs of built up edge with increased wear. After fifth run it was 
observed that there is not much wear from test cut four, it held up its wear as it was in 
the fourth test cut. Figure 6.14 shows the wear pattern of the test tool after each test 
cut. 
Figure 6.15 shows the results of tool wear evolution test. It can be found that the tool 
wear increase sharply when the cutting length reached 600 mm. Until the cutting 
length got to 1200 mm, the tool wear increase speed has slowed down. By substituting 
the experimental results into Equation (6-1), the Taylor’s Equation can be summarized 
as Equation (6-7). 
0.9599 658.9773tfT         (6-7) 
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Figure 6.14 - The tool wear pattern measured after every test cut of 302.4mm with feed 
of 400mm/min cutting speed of 180m/min and axial depth of cut of 0.2mm. 
 
Figure 6.15 - Tool wear evolution. 
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6.4 Summary 
No damage was caused on the PCD cutting tool inserts after 4265 loading cycle with 
the normal pressure of up to 4.9 GPa. A small damage of 0.05 mm was found after 
24000 cycles with the same normal pressure. 
Directional damages by the shearing and friction were found in the experiments. The 
cleavage-like fractograph was mainly caused by the rubbing action in the process and 
it appeared rarely in the experiment. The inhomogeneous material structure of PCD 
was the major factor which caused the delamination. 
By analyzing the two types of fractograph it was found that there was huge impact of 
heat generated during the cutting on the tool wear. High cutting temperatures resulting 
due to low plastic deformation of Titanium alloy caused it close to the cutting edge 
and resulted in oxidation wear and flute type fractograph. 
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7 Surface quality and chip morphology 
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This chapter examines the influence of machining parameters on surface quality and 
investigates the chip morphology. It is known that an increase in machining 
parameters such as cutting speed, feed and axial cutting depth can shorten the tool life 
or increase the tool wear which will finally lead to poor quality of surface finish. This 
study optimizes the machining parameters by investigating the influence of machining 
parameters on the quality of surface finish. The new findings reveal that the serration 
frequency of the discontinuous chip has changed during machining process. The 
fluctuation in the instantaneous cutting force indicates the instability of the serration 
frequency. 
7.1 Introduction 
7.1.1 The surface roughness in fundamental machining theory 
According to Groover [87], the surface roughness which represents the average of the 
vertical deviations from nominal surface over a certain measuring length on the 
surface of workpiece, is generally used to evaluate the finished surface quality. The 
expression of average roughness can be defined as Equation (7-1). 
0
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L
 
       (7-1) 
Where x is the differential length of the arbitrary measuring length (Lm) on workpiece 
surface. And the |y| indicates the absolute distance from the peak nominal surface. 
Figure 7.1 illustrates the parameter x, Lm and |y| in the measuring part. Another 
expression of average roughness is 
1
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        (7-2) 
Where n is the number of measuring peak and yi is the absolute height of every 
measuring peak on finished workpiece surface. 
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Figure 7.1 - The illustration of calculating parameters of average roughness [87]. 
7.1.2 Factors affecting surface roughness 
Generally, the geometric factors which include the tool geometry, machining 
parameters and tool path of process can affect the surface roughness in the process. 
The influences of tool nose geometry and feed on surface roughness are shown in 
Figure 7.2 [87]. And the End Cutting Edge Angle (ECEA) can also affect the finished 
surface. According to Martellotti [114], the ideal surface roughness value in the 
process of slab milling can be presented as Equation (7-3). 
20.125
( / 2) ( / )t
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      (7-3) 
Where f is the value of feed, D is the tool diameter and nt represents the tooth number 
of cutter. This expression clearly describes the relationship between feed, tool 
geometry and surface roughness. 
Furthermore, the material properties of tool and workpiece can also affect the surface 
roughness. During the process, machining the material when significant work 
hardening is occuring will often lead to a built-up-edge on the tool nose. The 
built-up-edge can finally damage the finished surface. The friction effect is also a 
normal aspect which affects the surface finish. Due to the low thermal conductivity of 
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workpiece materials, the cutting heat generated in the process cannot be dissipated 
immediately after one milling cycle before the next. Heat accumulation will therefore 
result and the local cutting temperature will rise significantly. This situation may 
finally cause deformation of the finished workpiece. The characteristics of tool wear, 
vibration and runout in the process are also the important factors which contribute to a 
poor surface finish quality. 
Figure 7.2 - The effects of geometric factors on surface roughness [87]. 
7.1.3 The factors affecting the chip morphology 
Chip morphology analysis has been performed as standard practice over many 
decades. The chip serration is known as the result of the adiabatic shearing effect. 
Generally, this effect shows intense localization. In many studies, the heat conduction 
is ignored because of it is relatively slow compared to the rapid deformation process 
[115]. The characteristics of adiabatic shearing effect include the shearing frequency 
and the geometrical parameters of adiabatic shearing bands. From the view point of 
material engineering, there are some critical factors which affect the adiabatic 
shearing effect. These are: the thermal conductivity, thermal expansion and strain and 
strain rates. 
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In the milling process, it is known that the thermal properties of tools and workpiece 
influence the adiabatic shearing effect. The cutting speed is considered to be the 
critical factor determining the strain rate which also directly affects the adiabatic 
shearing effect. 
The cutting speed reflects the speed of deformation and shearing. According to 
Wang’s analysis, the shearing strain rate in the chip thickness direction within the 
shear band can be expressed as Equation (7-4). 
1 0
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       (7-4) 
Where v, H, h1, φ, δ, γ0are cutting speed, maximum thickness of sawtooth chip, chip 
thickness at local shear deformation, shearing angle, sawtooth chip shear band width 
and rake angle, respectively. 
The expression of shear strain rate in the direction of chip width is 
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Where bD, bch, hD are cut width, chip width and cut thickness respectively. 
From equations (7-4) and (7-5), a linear relationship can be found between the cutting 
speed and the strain rate, the strain rate increasing with the cutting speed. As 
mentioned in the description of adiabatic shearing theory by Wright, the strain rate 
can affect the adiabatic shearing process. The changes of cutting speed will have 
influence on the adiabatic shearing effect as a matter of course. 
The function of chip serration frequency was proposed in the following form by Sun: 
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f
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This expression describes the linear relationship between cutting speed, contact length 
of tool-chip interface and chip serration frequency. This equation also indicates the 
influence of cutting speed on the adiabatic shearing effect. 
7.1.4 The structure and objectives 
In this section, the study is focuses on two main aspects: the analysis of the machining 
parameters’ influence on the surface quality and the analysis of chip morphology.  
The average surface roughness is used for evaluating the finished surface quality in 
the process of milling Ti6Al4V with PCD cutting tools. Up to 22 groups of machining 
parameters were run in the experiment to investigate the influence of cutting speed, 
feed and axial cutting depth. The relation formula of average surface roughness and 
feed is obtained by substituting the experimental results and corresponding machining 
parameters into equation (7-3). 
As discussed in Section 7.1.3, the chip serration frequency is affected by the 
machining parameters and thermal properties of work materials. The objective is 
aimed at investigating the Ti6Al4V chip serration frequency’s relationship to the 
cutting speed and the instantaneous cutting force. 
The procedure of analyzing surface quality and chip morphology is illustrated in 
Figure 7.3. 
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Figure 7.3 - Structure of studying surface quality and chip morphology. 
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7.2 Experimental setup 
7.2.1 Experimental devices 
Machining tests were carried out on a HAAS VF 1 CNC vertical milling machine 
which is programmed using EdgeCAM with cutting parameters shown in Figure 7.4. 
The Kistler Piezoelectrical Dynamometer was mounted directly on to the bed, where 
the workpiece is clamped, to record the instantaneous cutting forces during machining. 
During the test run the dynamometer measures voltage fluctuation which is recorded 
and converted in to Cutting force. The machining was performed with Diameter 6mm 
Brazed PCD tip (CTH-25) straight flute cutter at two different feeds of 300m/min and 
400m/min, cutting speed of 180m/min with the axial depth of cut 0.2mm. The cutting 
forces were measured during machining in both the cases and analyzed. After each 
test the tool wear and surface finish was measured under an Alicona microscope to 
analyze the tool life and SEM was used for wear characterization and analysis. For the 
tool life test, two new cutters were used with the machining length of 302.8mm 
between each measurement with 5 test cuts for both the tools.  
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Figure 7.4 - Experiment Setup. 
7.2.2 Material Information 
The properties of Titanium alloy Ti6Al4V (ASTM B265, Grade 5) have been shown 
in the Table 7.1. This material has been chosen because it is the most widely used 
accounting for more than 50% of all titanium tonnage in the world. It has very high 
corrosion resistance and resistance chemicals.Ti6Al4V has Salt Creep Cracking below 
0.1% at temperatures below 425 Degree Centigrade. The PCD tool (CTH-25) was 
clamped directly in the collet chuck. The properties of the tool material are shown in 
Figure 7.5. 
Table 7.1 Mechanical properties of titanium alloys. 
Tensile 
strength 
(Mpa) 
0.2% 
proof 
stress 
(Mpa) 
Elongation 
(%) 
Density 
(g cm
-3
) 
Melting 
point 
(°C) 
Measured 
hardness 
(C.I.-99%)
a 
HV100  
Thermal 
conductivity at 
20°C(W/mk) 
900-1160 830 8 4.5 1650 Min.Z341, 
Max. Z363 
6.6 
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Description Value 
Knoop Hardness 60-120GPa 
Thermal conductivity 400W/mK 
Transverse rupture strength 1200MPa 
Fracture toughness 9.1±0.59MPa/m 
  
Figure 7.5 - PCD tool and Parameters. 
In the milling process, the cutting force keeps varying as it is an intermittent cutting 
process. It has a high penetration force at the beginning of the cut when cutting tool 
enters the work material. It will then reduce and stabilize as it continues to cut through 
the material. Cutting force is one of the major physical variables, the study of which 
can help optimize the machinability, tool life, tool wear patterns, chatter of the 
machine and machining accuracy. By measuring the cutting force we can analyze the 
force required to shear the material in machining from which we can determine the 
force acting on the cutting tool edge. The cutting force in this experiment was 
measured by the Kistler Multichannel charge amplifier coupled with the Kistler 
Piezoelectrical Dynamometer. The machined surface can be described by various 
measurements referring to its roughness, waviness and its profile. The surface finish is 
specified by its roughness value (Ra), the lower the Ra value required on the surface 
the higher the cost and time required to produce it. Therefore it is necessary to analyze 
the optimum cutting parameters that can produce the lowest Ra value. The surface 
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finish is measured after each test cut and recorded in this experiment for analysis. 
7.3 Surface quality analysis 
Table 7.2 shows the analysis of cutting force under different machining conditions. 
MaxErr is the error between the average cutting force and the maximum force; 
MaxForce is the maximum value of cutting force and MinForce is the value of 
minimum cutting force.  
According to MaxErr, it can be seen that cutting speed Vc has small effect on the 
stability of cutting force.  MaxErr increase significantly with the increase of ft and ap.  
The cutting force becomes more unstable when a larger feed and axial cutting depth 
are used. However, MaxErr remains at a low level when feeds are between 0.01 
mm/rev to 0.06 mm/rev. 
Figure 7.6 shows the profiles of finished surfaces that were machined with different 
cutting parameters.  The length measured in each profile is 1.8 mm. The average 
distance (AD) between the peak and central axis (refer to Figure 7.6) was used to 
analyse the surface quality. Figures 7.6(a) and (b) are to compare the results of 
different cutting speeds; Figures 7.6(c) and (d) are to compare the results of different 
feeds. 
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Table 7.2 Analysis of cutting force. 
Cutting Parameters Cutting Force 
Vc 
(m/min) 
fz 
(mm/rev) 
ap 
(mm) 
MaxForce 
(N) 
MinForce 
(N) 
MaxErr 
AverageForce 
(N) 
65.9734 
0.025 
0.2 
85.3987 60.0005 20.9219 64.4768 
87.9646 84.563 65.0014 15.6939 68.8691 
109.9557 83.5276 67.0017 12.5923 70.9353 
131.9469 87.1009 70.0244 13.7172 73.3837 
153.938 92.8007 73.0044 16.2739 76.5268 
175.9292 80.6315 68.0004 9.8043 70.8272 
197.9203 90.2398 70.0024 14.9923 75.2475 
219.9115 90.6723 70.0027 15.1674 75.5049 
131.9469 
0.01 95.1483 65.0029 23.9056 71.2427 
0.02 98.3134 70.0007 23.2455 75.0679 
0.03 92.4493 70.0002 17.4115 75.0378 
0.04 111.3221 65.0002 36.1843 75.1378 
0.05 109.9102 76.0005 25.7409 84.1693 
0.06 129.954 90.003 29.3976 100.5564 
0.07 160.1044 98.4249 46.8082 113.2962 
0.08 193.3536 120.0175 55.2258 138.1278 
0.03 
0.1 78.2258 52.0025 19.2357 58.9901 
0.2 122.6459 75.0009 35.6921 86.9538 
0.3 162.0886 117.0238 32.182 129.9066 
0.4 171.5562 124.0013 35.0979 136.4583 
0.5 228.1216 128.0029 73.365 154.7566 
0.6 208.3219 121.0103 55.3518 152.9701 
Based on the profiles shown in Figure 7.6 (a), the AD is found to be to be 1.85 μm 
when cutting speed is 65.97 m/min (Figure 7.6 (a)); 1.3 μm when cutting speed is 
175.93 m/min (Figure 7.6 (b)). It is clear that the surface finish of the workpiece 
machined with a cutting speed of 175.9292 m/min is slightly better than that of 65.97 
m/min. In Figure 7.6 (c) and Figure 7.6 (d), a sharp contrast exists between the 
workpiece machined with feeds of 0.01 mm/rev and 0.08 mm/rev. The AD of 0.01 
mm/rev is 1.5 micro meters but the AD of 0.08 mm/rev is up to 5 micro meters. 
Overall, it can be concluded that the surface quality became poor when large feed was 
applied, higher cutting speed and lower feed can result in better surface quality. 
However, according to the results of Table 7.2, to use the feed in the range of 0.01 
mm/rev to 0.06 mm/rev, the cutting force will vary slightly, which indicates that the 
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surface quality will not be affected significantly. 
For studying the influence of feed on machined surface, the machining parameters are 
set to constant cutting speed (168m/min), constant axial depth of cut (0.2mm) and 
changing the feed (0.02mm/tooth to 0.045mm/tooth). To measure the surface 
roughness, the cutting length is 15mm in each test cut sample by using a 2 flute 
diameter 7mm Brazed tip PCD cutting tool. The measurement spots on the 
workpieces and the average roughness scanning results are shown in Figure 7.7 and 
Figure 7.8. And the surface roughness measured during the analysis of the test surface 
is summarized in the Table 7.3. Close analysis of the results show that at a feed of 
0.035mm/tooth yields a low roughness value at a cutting speed of 168m/min. on 
further observation it is found that at feed of 0.020mm/tooth the surface roughness is 
less in some regions has a higger value at other places due to chatter. It is also 
observed that if the feed is too low then it result in chatter formation on the machined 
surface leading to an uneven surface roughness value. In Figure 7.7 the highlighted 
area indicates the waviness in the surface with feed of 0.02mm/tooth. Whereas 
0.04mm/tooth feed shows deep grooves in the surface intermittently. According to 
Equation (7-3), the average roughness of the finished surface is supposed to have an 
exponential relationship with the feed. However, in this experiment, the relationship 
between feed and average roughness does not satisfy Equation (7-3). The value of 
average roughness has a significant drop before the dramatic increase when the feed 
increased above 0.35 mm/tooth. 
Table 7.3 The roughness of finished surface. 
Feed/Tooth 0.02mm 0.025mm 0.03mm 0.035mm 0.04mm 0.045mm 
Roughness 
Value(Micron) 
0.75 0.7 0.6 0.5 0.8 1 
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(a) 
 
(b) 
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(c) 
 
(d) 
Figure 7.6 - Profiles of Titanium workpiece obtained with different machining 
parameters: (a) Cutting speed of 65.97 m/min, (b) Cutting speed of 175.92 m/min; (c) 
Feed of 0.01 mm/rev (d) Feed of 0.08 mm/rev. 
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Figure 7.7 - Surface images of the test cut at different feeds. 
Figure 7.8 - Graph showing surface roughness on test surface at different feeds. 
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7.4 Chip morphology analysis 
Many researches have been conducted to analyze the chip segmentation frequency in 
machining Ti6Al4V. For example, Molinari established the relationship between chip 
serration frequency and cutting speed [68]. Similar result has also been found by 
Miguélez et al. [69]. However, the change of serration frequency on one single chip 
has not been studied by any researchers. 
Figure 7.9 shows one of the chips collected in our experiments. It can be seen that two 
different sections existed on this chip. The two sections with different serration 
frequencies were separated by a clear boundary, which indicated that the chip 
formation suffered a great change during the material removing process. The different 
adiabatic shearing frequencies of the two sections were 0.440×10
3
 KHz and 
2.199×10
3
 KHz, the latter is nearly 5 times higher than the former. Most chips 
produced in this experiment have the similar serration frequency. 
Similar to most other chips collected in the experiments, the change in serration 
frequency on this sample occurred at the position of 25% of total length (lTotal). Figure. 
7.10 (a) shows the clear boundary existing between the two sections. By examining 
the instantaneous cutting force in Figure 7.10 (b), it can be found that the cutting force 
rose dramatically at the beginning of the milling cycle, but decreased slightly in 
Region A as shown in Figure. 7.10 (b). In the milling process, the strain rate varies all 
the time because of the change in the thickness of uncut chips. Since the strain rate 
can significantly affect the chip formation, the unstable strain rate was probably one 
of the reasons causing the sudden change in frequencies. Meanwhile, the 
accumulation of heat was getting more and it could not be dissipated due to the 
extremely low thermal conductivity of Ti6Al4V. Therefore, it is reasonable to 
conclude that the generated heat would provide the energy for changing chip serration 
frequency.  
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(a) 
 
(b) 
 
(c) 
Figure 7.9 - The two sections with different adiabatic shearing frequencies (a) the 
magnified image of boundary between two sections (b) section A with 0.440×10
3
 KHz 
(c) section B with 2.199×10
3
 KHz. 
  
Section A 
Section B 
Boundary 
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(a) 
 
(b) 
Figure 7.10 - Two sections of the different frequencies (a) sections with different 
frequencies of Sample 2 (b) instantaneous cutting force curve of Sample 2. 
  
l≈25% ltotal 
Section A 
Section B 
A 
t≈25% Ttotal 
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According to Equation (7-5), the frequency of chip serration has a linear relationship 
with the tool-chip contact length when the cutting speed is kept constant. Therefore, 
in this experiment, it is clear that the tool-chip contact length also changed in one 
milling cycle. 
7.5 Summary 
In the analysis of surface roughness it was observed that the feed of 0.035mm/tooth 
yielded the best surface finish in terms of Ra value. Even though the Ra value for 
lower feeds was less in some regions, it had zones where there were signs of 
vibrational waviness on the surface. On the other hand higher feed created some high 
grooves in the surfaces.  
Various chip serration frequencies were observed on individual chips. The maximum 
difference between two sections was 5 times of the frequency. The dramatically 
changing frequency was the result of heat accumulation and the change of chip 
thickness. Frequency changes were found to take place at the position of 25% of the 
total length. 
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8 Conclusion 
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The innovation and main contributions made in this research are summarized in this 
chapter. The limitations of the methods developed in this research are addressed and 
suggestions for future research work are recommended.  
8.1 Contributions 
PCD tools are widely used in aerospace industry for machining composite material 
and Titanium alloys. Owing to the super-high hardness of diamond, traditional 
grinding processes cannot economically be applied to PCD tool production. The 
complicated geometric shapes of PCD inserts are machined either by EDG or Laser 
machining processes. However, the low conductivity of PCD, caused by its unique 
physical structure, makes it difficult to machine with conventional EDG parameters; 
special power generators are required in the machining process. Based on 
experimental studies, the relationship between gap voltages, peak current and 
electrical resistance of various PCD materials were investigated, the influence of peak 
current on the discharge waveforms was analyzed.  It was found that discharge 
waveform in machining PCD was similar to that of machining ordinary materials such 
as Tungsten carbide. The maintaining voltage in machining PCD was higher than that 
of conventional EDM machining of conventional materials. The difference in the 
maintaining voltage was significant with the variation of PCD materials.  The 
maintaining voltage increased linearly with the increase in current. Short-circuit 
arcing might not exist in the machining of PCD materials. However, it is difficult to 
predict if the non-short-circuit would occur when the electrode contacts the workpiece 
surface. 
Experimental analysis shows that the three controllable machining parameters (feed, 
cutting depth and cutting speed) have a significant influence on the instantaneous 
cutting force. The feed affects the cutting force in two ways: the change in 
instantaneous undeformed chip thickness, and the change in cutting force coefficient. 
According to the experimental results, an increase of feed will lead to the increase in 
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cutting force. Cutting force also increases exponentially with the cutting speed and 
axial cutting depth. However, these two parameters affect the cutting force indirectly 
through the change in cutting force coefficients. Based on these analyses, a new 
cutting force model was developed and validated for the prediction of cutting forces 
in end milling Ti6Al4V with PCD tools. To predict the instantaneous cutting force 
more accurately, a time-dependent cutting force model has also been developed. 
Validation was conducted through cutting tests with a customized single flute PCD 
end mill. The maximum predictive error of the peaks of cutting forces was found to be 
less than 7 N.  
The low thermal conductivity and high chemical affinity of Ti6Al4V make it 
extremely difficult to machine. Cutting temperature is an important factor that affects 
cutting forces. To investigate the thermal characteristics in end milling Ti6Al4V with 
PCD tools, an innovative cutting temperature predictive model was developed and 
validated through cutting experiments. The model described mathematical 
relationship between average cutting temperature and machining parameters. 
Experimental results show that the temperature increase with vc, ft and ap. Results 
from the model match the data measured in the cutting experiments. 
To analyze tool wear and cutting temperatures, residual chemical components on the 
PCD cutting tool were examined with X-ray diffraction method, while surface 
integrity of cutting tools was inspected based on the images taken by the scanning 
electrical microscope. Experiment results show that no massive chemical reaction had 
happened in the milling process with the selected cutting parameters, and the cutting 
temperature was below 500 
o
C. However, evidences of material diffusion and 
chemical reaction on PCD tools also showed that some region of  the cutter suffered 
from higher than detected temperature.  
Finite element analysis models were developed to simulate the initiation of cracks 
under different loading cycles. Through cutting experiments, it was found that brittle 
chipping and fatigue were the two major modes of failure, and feed was the dominant 
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factor that causes large cutting forces. The causes of the failures are shearing effect on 
the boundary of tool-chip interface, stress concentration at notch locations on the 
cutting edge and the uneven distribution of cutting stress on the area of contact 
between tool and chip. Directional damages by the shearing and friction were found in 
the experiments. The cleavage-like fractograph was mainly caused by the rubbing 
effect in the process and it appeared rarely in the experiment. The inhomogeneous 
material structure of PCD was the major factor which caused the delamination. 
Based on SEM images of serrated chips, serration frequency was investigated. Results 
illustrated that serration frequency changed on each single chip. Two different 
serration frequencies could be found on a single chip. The boundary between the two 
regions with different serration frequencies was found to be at a position of 25 % of 
the chip length. 
8.2 Future work 
This research focused on the application of PCD tools in end milling of Titanium ally 
Ti6Al4V. Although two new models have been developed for the prediction of cutting 
force and cutting temperature, there is still much work to be done in this research. 
Some of these are theoretical while other issues are related to practical questions of 
implementation. 
The cutting method applied in the experiments belongs to the category of 
conventional machining in terms of cutting speed and cooling method. Although the 
cutting speed for Aluminium alloys can be as high as 2,500 m/min, currently it is not 
uncommon to mill Titanium alloys (Ti6Al4V) at a speed less than 90 m/min. 
Therefore, to improve machining efficiency, future work can be done by integrating 
higher cutting speed in the predictive models based on what were achieved in this 
research. 
Also, the two new methods for predicting instantaneous cutting force and average 
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cutting temperature are mainly based on the influence of machining parameters such 
as cutting speed, feed and axial cutting depth. The effects of cooling method and tool 
wear have not been considered. Therefore, to increase the accuracy and further 
minimize the predicting error, these two factors should be reflected in the model.  
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